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Abstract 
 
Habitat loss at the hands of human enterprise continues to drive the global decline in 
biodiversity. While much attention has been placed on the use of protected areas as a 
means of conservation, there is an increasing need to understand the capacity of 
unprotected, human-altered landscapes to provide refugia and connectivity at larger 
spatial scales. This study evaluates the mammalian diversity that persists under 
alternative land management regimes and degrees of landscape change in south-central 
Sumatra, Indonesia. Species occurrence data compiled from extensive field surveys 
across 1600km2 form the basis for analyses of community composition and species-
specific responses to the current landscape. Results indicate that species richness 
declined with increased landscape alteration. The lowest observed species numbers 
were in areas of industrial scale oil palm production rather than scrub habitats or 
degraded forest. Endangered mammals that persisted in the wider matrix were extirpated 
from the oil palm dominated areas. Comparisons between the ecological traits shared by 
persistent versus locally extirpated species revealed that in the initial stages of landscape 
change there is the capacity to support large specialist species with slow life histories. As 
landscape degradation continues to an agricultural matrix only habitat and diet 
generalists persisted. 
 
Tests of species-specific responses to landscape alteration focussed on the occurrence 
patterns of Sumatran tigers (Panthera tigris sumatrae) and four principal prey species. 
Measures of human prevalence derived from survey data and a novel application of 
occupancy estimation techniques, identified significant negative responses to higher 
levels of landscape development. Satellite derived measures of habitat connectivity and 
localised landcover degradation found that connectivity to areas of least disturbed forest 
was more important for reclusive species such as tapir (Tapirus indicus) and red muntjac 
(Muntiacus muntjak), while the occurrence of the wide-ranging tiger was more strongly 
influenced by local landcover degradation. The capacity of human altered landscapes to 
contribute to the conservation of mammalian communities is closely allied to the 
availability of degraded forests rather than alternative human altered landcovers. Given 
that these areas of forest are increasingly subject to degradation and conversion, spatial 
planning and proactive management are required to safeguard these resources. 
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1 Research Background 
 
1.1 Introduction 
 
Throughout the humid tropics the extraction of forest commodities and the expansion of 
plantation agriculture are principal drivers of deforestation and subsequent declines in 
biodiversity (Geist & Lambin, 2002; Pimm & Raven, 2000). This exploitation of tropical 
landscapes is set to continue, with the appropriation of land for agriculture expected to 
continue rising for the next 50 years. In support of a growing human population, 
forecasted to reach 9 billion people by 2050 (UN, 1999), an area of 109 ha of natural 
ecosystems will be converted to agriculture (Tilman et al., 2001). Within the resulting 
matrix of agriculture, industry and rural settlement a growing proportion of tropical 
biodiversity must persist if it is to survive (Daily, 2001). While protected areas are 
invaluable tools in our efforts to stem the decline of biodiversity they are limited by their 
geographic coverage (Rodrigues et al., 2004) and susceptibility to fragmentation at the 
hands of increasingly pervasive human populations (e.g. Brooks et al., 2004; DeFries et 
al., 2005; Wittemyer et al., 2008) As such, the success of efforts to conserve tropical 
species will ultimately depend on our ability to utilise degraded lands to provide refuge in 
their own right and connectivity in support of protected areas (Daily, 2001; Daily et al., 
2003).  
 
1.1.1 Industrial agents of landscape change 
 
In Indonesia the principle industrial practices that drive landscape change are the logging 
of natural forest concessions, agro-forestry and oil palm production (Elaeis guineensis). 
The legal extraction of timber has supplied international export markets while concurrent 
illegal logging meets much of Indonesia’s domestic demand (Klassen, 2006). Illegal 
logging has been estimated to account for as much of 50% of total timber production from 
Indonesian forests (ITFMP, 1999), and is therefore a major contributor to the 
unsustainable use of forest resources. Although there has been a decline in natural forest 
concessions in recent years, this has been countered by the proliferation of agro-forestry. 
Fast-growing tropical wood plantations for the pulp and paper industry (Cossalter & Pye-
Smith, 2003) have expanded through the conversion of natural forests (Barr, 2001) and 
are predicted to continue expanding throughout Indonesia in years to come (FWI/GFW, 
2002). The implications of these landuses for Asian biodiversity are the subject of 
ongoing research (Nyphus & Tilson, 2004; Nasi et al., 2008) but in the New World tropics 
research has demonstrated that these landuses can support more forest adapted species 
than alternative intensive agricultural systems (e.g. Gardner et al., 2008). 
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Oil palm is the most valuable plantation economy of the tropical world (Henderson & 
Osborne, 2000) and is responsible for much of Indonesia’s agricultural expansion. 
Currently, Indonesia meets ±43% (FAOSTAT 2007) of global demand for this, the worlds 
most traded oil seed crop (Carter et al., 2007). Oil palm has risen to prominence as a 
global commodity because of numerous applications in the food and cosmetics industries 
(Casson, 2003). In addition, the European biofuel markets are providing further stimulus 
for the expansion of oil palm production (Clay, 2004; Danielsen et al., 2008). Although the 
proliferation of oil palm has raised concerns over the impacts on biodiversity, perhaps the 
greater threat lies in the continuation of this trend, with an additional 43% increase in 
production forecast before 2023 (Casson, 2003) with production largely concentrated on 
Sumatra. 
 
Recent research indicates that oil palm plantations specifically are a poor substitute for 
native tropical forests; supporting impoverished floral and faunal communities typically 
dominated by a few non-forest species (Danielsen et al., 2008; Fitzherbert et al., 2008). 
In addition, an increase in oil palm concessions is likely to confer an increase in the 
marginal, degraded lands that routinely follow industrial scale land clearance. These 
areas are highly dynamic, transitional landscapes dominated by rural people and one 
example of the secondary consequences of agricultural expansion that broaden its 
implications. 
 
1.1.2 Human agents of landscape change 
  
The Indonesian government’s transmigration programme has lead to the ongoing 
development of Sumatra through the movement of people from Java and Bali. This 
initiative amounted to the largest organised resettlement ever recorded (Leinbach, 1989). 
At its peak between 1969 and 1993 the initiative moved in excess of eight million people 
and stimulated the clearance of 1.7 million hectares of agricultural land (GOI 1993 as 
cited in Barber & Schweithelm 2000). In the latter stages of the programme emphasis 
was moved away from the establishment of subsistence agriculture in favour of wage 
labour allied to industrial scale, concessionary agriculture and resource extraction (e.g. oil 
palm estates and logging concessions (Potter & Lee, 1998)). Agricultural expansion leads 
to the direct transformation of natural landcover and also a more insidious displacement 
of people into frontier lands. The transmigration programme had more profound 
environmental consequences than anticipated largely due to poor relocation sites and 
highly destructive land use practices (World Bank, 1994). Such extensive movement of 
people combined with uncertain land tenure laws have produced social issues that now 
underpin the degradation of rural landscapes on Sumatra. For example, it is not 
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uncommon for fire to be used as a weapon where land tenure disputes lead to conflict ( 
Tomich et al., 1998; Applegate et al., 2001; Suyanto, 2007).  
 
As such, we can identify two key processes in the development of rural landscapes in this 
region: industrial transformation and chronic degradation by rural people. Profound 
changes at the hands of commercial enterprise are readily monitored by satellites but 
these sensors rarely capture the more subtle effects of landcover degradation (Nepstad 
et al., 1999; Achard et al., 2002; Butler & Laurance, 2008). Degradation can have 
profound effects on the integrity of native landcovers and associated biodiversity, and as 
such is an important consideration for conservation strategy (Phillips, 1997; Sodhi et al., 
2009).  
 
1.1.3 The effects of landscape change on biodiversity 
 
While landcover degradation has implications for conservation strategy, there is also the 
complex issue of variation between taxa in their responses to these changes (Peh et al., 
2004; Barlow et al., 2007). In the New World tropics recent research has demonstrated 
that degraded and production forests support more forest adapted species than 
alternative or intensive agricultural land uses (Lindenmayer & Franklin, 2002; Barlow et 
al., 2007). Meta-analyses by Danielsen et al. (2008) indicate that oil palm plantations 
support impoverished native floral and faunal communities, typically dominated by a few 
non-forest species. Total vertebrate species richness on oil palm plantations was less 
than half (38%) that of natural forest areas.  
 
A key objective within conservation science is to identify why certain species and 
species-groups are more susceptible to extinction than others (McKinney, 1997). While 
the overall result of anthropogenic landscape change appears to be a decline in 
biodiversity (e.g. Fitzherbert et al., 2008), there are stark differences between individual 
species’ responses (Davies et al., 2000; Owens & Bennett, 2000; Daily, 2001). The 
groups of species that occur in modified landscapes are typically subsets of an ancestral 
species pool, altered in composition and structure by the loss of species that were unable 
to persist in a changed landscape (Duchamp & Swihart, 2008). Intrinsic biological traits 
influence species’ responses to changing environments and ultimately their risk of 
extinction (Bennett & Owens, 1997; Purvis et al., 2000a; Jones et al., 2003; Cardillo et al., 
2004). Collecting trait data from within communities that persist under different degrees of 
landscape alteration would allow us to identify the traits shared by species that persist 
and those that become locally extinct. Overall, the main intrinsic traits linked to extinction 
are body size, habitat and/or dietary specialisation (Owens & Bennett, 2000; Purvis et al., 
2000b). Larger bodied species are consistently associated with higher probabilities of 
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extinction (Fisher & Owens, 2004) and within mammals specifically, threatened species 
are on average an order of magnitude heavier than non-threatened species (Cardillo et 
al., 2005). In a changing landscape, broader habitat and/or dietary requirements would be 
expected to confer a greater advantage to species survival. This idea is supported in the 
literature where ecological specialisation is associated with higher risk of extinction in 
both mammals (Haracourt et al., 2002; Boyles & Storm, 2007) and birds (Julliard et al., 
2003; Shultz et al., 2005).  
 
1.1.4 Species responses to landscape change 
 
There is considerable interest in understanding patterns of species occurrence as a 
function of landscape factors or habitat characteristics (Scott et al., 2002). These 
techniques discriminate between locations that are and are not occupied by the species 
of interest (e.g. Hirzel et al., 2002). In recent years this approach has been used to model 
habitat relationships of several mammal species (Carroll et al., 1999; Reunanen et al., 
2002; Linkie et al., 2006; Buij et al., 2007). Throughout this body of research, false 
absences in which sites are occupied by the species of interest but the species remains 
undetected are a source of bias that must be explicitly accounted for (MacKenzie et al., 
2002). The occupancy estimation and modelling techniques developed by MacKenzie et 
al. (2002) represent generalised linear regression analyses that accommodate these 
false absences. For rare species that are often the focus of conservation science, 
traditional methods of monitoring, e.g. estimates of abundance, are often unattainable. 
However, presence/absence data collected and analysed within an occupancy framework 
could be used to understand the landscape traits that determine where species occur. 
The tiger (Panthera tigris) is one such rare species. 
 
The tiger represents one of the greatest challenges to conservation because of the space 
it requires, its value as a saleable commodity and its tendency toward conflict with people 
(Sunquist & Sunquist, 2002). Research has shown that availability of prey is the key 
factor driving tiger habitat selection; there is a positive relationship between tiger and prey 
densities (Schaller, 1967; Seidensticker & McDougal, 1993; Sunquist, 1981). Thus, there 
is a need to conserve habitat at a local level for prey as much as for tigers. Where prey 
data is not available, researchers use geographic proxies to differentiate the areas where 
tigers do and do not occur e.g. Linkie et al. (2006). 
 
The early stages of habitat modification by humans may in certain circumstances be 
beneficial to tigers. The creation of forest mosaic habitats and edge environments provide 
cover for concealment and stalking during hunting (Sunquist, 1981; Prins & Iason, 1989). 
Edge habitats also support herbivorous prey species such as wild boar (Sus scrofa) and 
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sambar (Rusa unicolor), and productivity may be greater than in closed forest (Santiapillai 
& Ramono, 1987; Nowell & Jackson, 1996). However, this only holds true if there are 
relatively low levels of human persecution and controlled habitat modification, otherwise 
severe habitat degradation can result (McNeely, 1994). In contrast, complete removal of 
native vegetation often results in insufficient ground level cover and a lack of food for the 
ungulate prey base (Sawyer, 1993).  
 
Recent research to identify where wild tigers can persist in the long term has focussed on 
mapping suitable forest cover at large spatial scales (Wikramanayake et al., 1998; 
Dinerstein et al., 2007). The extensive Tiger Conservation Landscapes (TCLs) that result 
are designed to harbour self-sustaining populations of tigers and prey indefinitely. 
However, there is increasing recognition of the importance of the surrounding matrix on 
the viability of tiger populations in reserves (Ranganathan et al., 2008), but little is known 
about the determinants of tiger occurrence outside of protected areas (see Maddox et al., 
2007; Linkie et al., 2008). Excluding other risk factors (e.g. poaching, disease etc), the 
longterm viability of remnant tiger populations, and the populations of prey on which they 
rely will ultimately be dependent upon the connections within and between TCLs 
(Wikramanayake et al., 2004). This will inevitably require that species are able to persist, 
or at very least pass-through, the intervening human dominated matrix. Connecting 
habitat patches through commercial land use may ultimately improve the prospects for 
fragile, small populations (Noss, 1987, 1991). 
 
In summary, current thinking suggests that the future of tropical biodiversity conservation 
lies in the management of human–altered landscapes (Daily, 2001; Lindenmayer & 
Franklin, 2002; Gardner et al., 2009). This philosophy requires that human dominated 
landscapes provide requisite wildlife habitats amidst a largely tolerant human population. 
Although research suggests that many components of biodiversity can persist in these 
landscapes (Daily et al., 2003; Barlow et al., 2007), this does require that they are viable 
in the long-term and not subject to significant degradation. Given that human-dominated 
landscapes are generally complex matrices of different land uses it is likely that they are 
highly susceptible to degradation by human activities (Daily, 2001). These pervasive 
human activities can blur the distinction between legally designated protected areas and 
the wider matrix. This realisation drives current interest in the conservation potential of 
wider landscapes and poses the question: to what extent could a latent conservation 
value in human altered landscapes be used to mitigate the decline of tropical 
biodiversity? 
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1.2 Objectives 
 
In this research I have combined extensive field surveys and quantitative analyses to 
identify patterns in mammalian occurrence throughout a representative, human altered 
matrix in south-central Sumatra. Although mammals are a well-studied taxonomic group 
that draw considerable research interest, the capacity to conserve these species amidst 
developing human dominated landscapes remains largely unknown. My specific 
objectives were (1) to describe changes in mammalian species and community 
composition that occur across different land management regimes and the associated 
gradient of landcover alteration, (2) to investigate the intrinsic ecological traits associated 
with patterns of mammalian persistence and local extinction, (3) to identify the human 
drivers of current landscape degradation and subsequent effects on the local occurrence 
of tigers and prey species, and (4) to test a conceptual model of the landscape traits that 
influence the occurrence of tigers and prey species at wider landscape scales. This thesis 
contains six chapters: a general introduction to the research field and study landscape 
(Chapter 1), four research papers (Chapters 2 – 4) and a general discussion (Chapter 6). 
The research papers reflect two main themes:  
 
Mammalian diversity and species persistence 
In Chapter 2, I combined species inventories from field surveys and a regional species 
pool compiled from the literature to describe the decline in species richness, changes in 
community composition and representation of threatened species with increasing 
landscape alteration. In Chapter 3, I investigated patterns of mammalian persistence and 
local extinction as functions of ecological traits. Specifically, I investigated the importance 
of body size and a number of reproductive, dietary and behavioural traits in patterns of 
species persistence. 
 
Patterns of species occurrence in anthropogenic landscapes: 
In Chapter 4, I used detection/non-detection data and occupancy analyses (MacKenzie et 
al., 2002) to identify the prevalence of human activities and subsequent effects on 
probabilities of species occurrence. In Chapter 5, I developed a conceptual model to 
determine if an aversion to sparse landcover or connectivity to least disturbed forest best 
explained patterns of tiger and prey occurrence in this landscape.  
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1.3 Study landscape 
 
This study was conducted on Sumatra, the second largest island in the Indonesian 
archipelago. The island’s size (476,000km2) and past connection to mainland Asia, 
coupled with its diverse natural vegetation support exceptional biodiversity that includes 
201 species of mammal (Whitten et al., 2000). The specific study sites were located in 
the adjoining provinces of Jambi and South Sumatra situated in the south of the island 
(latitude 1o 53´ to 2o 35´S, longitude 103o 2´ to 104o 9´E). Based on forest cover maps 
reproduced by Whitten et al. (2000), these sites lay in contiguous forest that spanned 
from east coast to west until at least 1982 (FAO/MacKinnon, 1982). However, 
subsequent maps produced in the mid 1990s indicate that in the intervening 14 years the 
study sites became isolated forming a discrete patch of forest.  
 
Field data were collected from two commercial land management areas (an oil palm 
plantation and a logging concession) and two legally designated wildlife reserves 
(Dangku and Bentayan). Individual study sites were surveyed in quick succession 
between March and September 2006 in the following order: (i) Bentayan wildlife reserve 
(BWR, 300-km2), a low-level protected area (IUCN category IV) subject to extensive 
human settlement and associated land cover conversion; (ii) a selective logging 
concession (SLC, 800-km2), subject to industrial legal logging and small-scale 
uncontrolled logging; (iii) an oil palm concession (OPC, 270-km2), where an oil palm 
monoculture was managed amidst an adjacent matrix of scrub habitats that have been 
extensively colonised by pioneer land-settlers, and (iv) Dangku wildlife reserve (DWR, 
250-km2), a second low-level protected area (IUCN category IV) extensively populated by 
rural settlers with associated uncontrolled logging and land cover conversion. Maps 
summarizing the locations where footprints of the focal species (tiger, sambar, Malayan 
tapir and red muntjac) were recorded are presented in Figures 1.2a and 1.2b. Similar 
maps are not presented for wild pig as this species was extremely abundant and 
consequently was only recorded on the first detection in each sampling occasion/cell. 
 
To record evidence of mammal species and concurrent human activities I conducted 
repeated detection/non-detection surveys (MacKenzie et al., 2002) in 4km2 sampling cells 
drawn from each management area. The data derived from these field surveys were 
treated differently in Chapters 2 and 3 versus Chapters 4 and 5. Specifically, for Chapters 
2 and 3 the cells are grouped by management area to compile species inventories. 
Chapters 4 and 5 use detection histories generated from the repeated samples of each 
cell.  
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It is important to note that the study design described here introduces pseudoreplication 
to the data - repeated samples were taken from groups of survey cells within individual 
land management areas. In light of this, care should be taken in considering the 
communities recorded in this work as representative of the communities in similar land 
uses in the wider landscape. However, the land uses sampled in this study represent a 
gradient of land use intensity similar to that found elsewhere in the region and as such 
the data and analyses presented should be interpreted with respect to this gradient. 
 
Please note that because each of the data chapters in this thesis is written as a 
standalone paper there is some repetition in the sections titled Field Methods and Study 
Sites. 
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1.4 Tables & Figures 
 
 
 
 
Figure 1.1 Landsat ETM+ imagery mosaic (band TM5), south-central Sumatra. (a) 
Sumatran protected areas are indicated in black; they include IUCN categories Ia (Nature 
reserve), II (National Park), IV (Wildlife reserve) and VI (Protection forest); (data from the 
World Protected Area Database, available at www.unep-wcmc.org). Survey locations lay 
within the white polygon. (b) Individual management areas in detail, black points indicate 
survey cell centres (n = 131). Areas in dark grey indicate area of least disturbed forest of 
>1km2 that persist amidst the human-dominated matrix of degraded natural landcover 
and agri-industrial land uses (indicated in light grey). Bare soil and the areas of most 
sparse vegetation are indicated in white.
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Figure 1.2a Species distributions with respect to human land use intensity. Panels (a) 
and (b) indicate the locations of tiger and sambar footprints respectively. Black polygons 
indicate the boundaries of individual land management areas with the locations of 4km2 
survey cells (n = 131) also shown. Dark grey patches indicate areas of least disturbed 
forest. The human dominated matrix of degraded natural vegetation, settlements and 
agricultural land uses are shown in grey with areas of bare soil and sparse vegetation 
indicated in white. 
 
(a) 
(b) 
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Figure 1.2b Species distributions with respect to human land use intensity. Panels (c) 
and (d) indicate the locations of tapir and red muntjac footprints respectively. Black 
polygons indicate the boundaries of individual land management areas with the locations 
of 4km2 survey cells (n = 131) also shown. Dark grey patches indicate areas of least 
disturbed forest. The human dominated matrix of degraded natural vegetation, 
settlements and agricultural land uses are shown in grey with areas of bare soil and 
sparse vegetation indicated in white. 
 
(c) 
(d) 
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2 The Effects of Anthropogenic Landscape Change on Tropical 
Mammalian Diversity 
 
2.1 Abstract 
 
Throughout the tropics, human-altered landscapes are expanding behind agri-industrial 
frontiers. The success of efforts to conserve tropical diversity is increasingly dependent 
on our ability to secure the conservation potential of these human altered landscapes; but 
in many settings insufficient data exist to capitalise on this perceived potential. Here I 
present an inventory of the nonvolant mammals detected during extensive field surveys 
throughout the agri-industrial matrix of south-central Sumatra. Results indicate that 
highest mammalian richness was associated with management areas dominated by 
degraded forests and that these areas supported the larger and most highly threatened 
(IUCN categories endangered and critically endangered) members of the regional 
species pool. In contrast, the mammalian community associated with oil palm dominated 
areas was significantly impoverished compared to other management areas sampled and 
no longer supported highly threatened species. Areas of remnant, degraded forest offer 
the best hope for the conservation of threatened mammals in the human altered 
landscapes of Sumatra. However, the proliferation of the oil palm industry and continued 
degradation of native vegetation threatens to undermine the conservation potential of 
these areas. 
 
2.2 Introduction 
 
Throughout the humid tropics the extraction of forest commodities and the expansion of 
plantation agriculture are principal drivers of deforestation and subsequent declines in 
biodiversity (Pimm & Raven, 2000; Geist & Lambin, 2002; Laurance & Peres, 2006). The 
exploitation of tropical landscapes is set to continue, with the appropriation of land for 
agriculture expected to continue rising for the next 50 years (Tilman et al., 2001). In the 
wake of this prolific landscape change, human-altered landscapes now dominate. It is 
within these matrices of agriculture, industry and rural settlement that a growing 
proportion of tropical biodiversity must persist if it is to survive (Daily, 2001). Although 
strictly protected areas (e.g. IUCN categories I-III) can provide refuge for many species, 
these areas are not infallible and are increasingly undermined by the spread of human 
activities (e.g. Woodroffe & Ginsberg, 1998; Brooks et al., 2004; DeFries et al., 2005). As 
such, the success of efforts to conserve tropical species will ultimately depend on our 
ability to utilise degraded lands to provide refuge in their own right and connectivity in 
support of protected areas (Daily, 2001; Daily et al., 2003). 
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South East Asian forests are the most species rich but also the most threatened globally 
(Laurance, 2007). Indonesia holds much of South East Asia’s remaining primary forests 
(Koh, 2007) but these forests are subject to the same direct and indirect pressures that 
affect tropical forests at large. In recent years, although there has been a decline in 
natural forest concessions this has been countered by the proliferation of agricultural land 
uses, particularly agro-forestry and oil palm (Elaeis guineensis) plantations. 
 
In the preceding 40 years, Indonesia has seen deforestation rates of ~1.3 million 
hectares per year (FAO, 2005). The legal extraction of timber from Indonesian natural 
forest concessions has supplied international export markets while concurrent illegal 
logging has addressed much of the domestic demand (Klassen, 2006). Illegal logging has 
been estimated to account for as much of 50% of total timber production from Indonesian 
forests (ITFMP, 1999) and is therefore a major contributor to the unsustainable use of 
forest resources. Fast-growing tropical wood plantations for the pulp and paper industry 
(Cossalter & Pye-Smith, 2003) have expanded through the conversion of natural forests 
(Barr, 2001) and are predicted to continue expanding throughout Indonesia in years to 
come (FWI/GFW, 2002). The implications for Asian biodiversity of an increase in this 
specific landuse are the subject of ongoing research (Nyphus & Tilson, 2004; Nasi et al., 
2008) but in the New World tropics research has demonstrated that degraded and 
production forests can support more forest adapted species than more intensive 
agricultural systems (Lindenmayer & Franklin, 2002; Barlow et al., 2007).  
 
Much of Indonesia’s agricultural expansion is attributable to the oil palm industry. 
Currently, Indonesia meets ±43%  (FAOSTAT 2007) of global demand for this, the worlds 
most traded oil seed crop (Carter et al., 2007). Oil palm is the most valuable plantation 
economy of the tropical world (Henderson & Osborne, 2000) and production is increasing 
by 9% per year, largely in response to the European biofuel market and demand from the 
Asian food industry (Clay, 2004). Recent research indicates that oil palm plantations 
specifically are a poor substitute for native tropical forests; supporting impoverished floral 
and faunal communities typically dominated by a few non-forest species (Danielsen et al., 
2008; Fitzherbert et al., 2008). In addition, an increase in oil palm concessions is likely to 
confer an increase in the marginal, degraded lands that routinely follow industrial scale 
land clearance. These areas are highly dynamic, transitional landscapes dominated by 
rural people, rarely considered in the scientific literature. They are one example of the 
secondary consequences of agricultural expansion that broaden its implications. 
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In this study I investigate the implications of anthropogenic landscape change on the 
mammalian diversity of south-central Sumatra. Using a combination of extensive field 
surveys and a regional species pool compiled from the literature I describe the decline in 
species richness and changes in community composition that occur with increasing 
landscape-alteration. Simple ecological traits were used to summarize different groups in 
the species pool and which of these persisted or were locally extirpated under different 
degrees of relative landscape change. Finally, I focus on the impoverished mammalian 
communities identified in oil palm dominated areas and discuss the implications of 
continued landscape change for the future conservation of mammals in this region. 
 
2.3 Methods 
 
2.3.1 Study Sites 
 
Between March and September 2006 I sampled four land management areas in south-
central Sumatra (latitude 1o 53´ to 2o 35´S, longitude 103o 2´ to 104o 9´E). The individual 
study sites encompassed a gradient of landscape alteration. Management areas 
dominated by degraded forest and extensive natural vegetation were structurally more 
complex and subject to less human disturbance than areas of oil palm crop or the 
adjacent scrub habitats that were colonised by illegal land settlers. This coarse 
description of landcover complexity was used to group study sites as either intermediate 
or highly altered landscapes. The individual land management areas assigned to the 
intermediate landscape alteration class were (i) a selective logging concession (SLC, 
800-km2, 45 cells), subject to industrial legal logging and small-scale illegal logging; (ii) 
Dangku wildlife reserve (DWR, 250-km2, 28 cells), a low-level protected area (IUCN 
category IV) extensively populated by rural settlers with associated illegal logging and 
land cover conversion and, (iii) Bentayan wildlife reserve (BWR, 300-km2, 30 cells), a 
second low-level protected area (IUCN category IV) also subject to extensive human 
settlement and associated land cover conversion. The alternative high landscape 
alteration class contained two components of an oil palm concession (OPC, 270-km2), (i) 
an oil palm monoculture (OPC_M, 14 cells) and (ii) an adjacent matrix of scrub habitats 
(OPC_S, 14 cells) that had been extensively colonised by pioneer land-settlers.
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2.3.2 Field Methods 
 
I sampled 131 2 x 2-km cells drawn from the aforementioned land management areas. A 
combination of active search periods (trained field personnel) and camera traps were 
used to detect nonvolant mammals. Data collection methods were consistent across 
sites, with survey cells drawn from simple random samples of the overall management 
area (OPC, DWR), sub-sections thereof (SLC) or a uniform grid initiated from a 
randomised start location (BWR). This approach to cell selection balanced the logistical 
constraints of cell accessibility, geographic coverage of the overall management area and 
the desire to generalise findings to the wider landscape. Overall, survey cells covered 
29% of the total area (1620-km2) encompassed by the management boundaries. 
 
Five survey teams, each of two people, were established in March 2006. Teams were led 
by individuals of equivalent training and field experience. Each team operated 
independently within the survey cells and visited each cell only once. Four teams were 
active on a given day with teams rotating between proximate cells once three hours of 
active search effort had been completed. Teams travelled to and between cells by 
motorbike. For logistical reasons cells were surveyed in groups, with clusters of four 
neighbouring cells surveyed on 3-4 sampling occasions (85% of cells = 4 sampling 
occasions) over a two-day period. This approach provided repeated independent 
samples of each sampling cell. 
 
During each three-hour sampling occasion teams aimed to travel widely throughout the 
cell (mean average two-dimensional distance was 4.8km, derived from GPS odometers 
on sampling occasions with ~3hrs GPS coverage, n = 202) searching a representative 
sample of the available habitats and in turn maximising the probability of encountering 
mammal signs. Direct mammal signs were sightings or audio cues and indirect signs 
were predominantly footprints but included other indicators such as faeces where these 
could be assigned to a target species with confidence. Team leaders geo-referenced all 
direct and indirect signs using Garmin 60c global positioning systems (GPS) (Garmin 
International Inc., Olathe, KS) in universal transverse mercator (UTM) coordinates. All 
teams were equipped with footprint identification guides and followed rigorous species 
identification protocols to minimise the risk of false positive species detection through 
misidentification of signs. 
 
In addition to active search periods, Deer cam DC300 (Non-typical inc., USA) 35mm film 
camera traps were placed at the intersection of wildlife trails within survey cells to provide 
an additional form of sampling with which to establish species detection/non-detection. 
Cameras were placed in 85% (n = 111) of survey cells for a mean average of 18 trap 
nights per cell, providing 1991 camera-trap nights in total.  Cameras were placed at a 
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height of 30 – 45cm depending on the terrain and vegetation structure in the immediate 
vicinity of the trap site. The camera placement protocol was designed to maximise the 
probability of detecting mammals without introducing systematic bias toward a particular 
species. 
 
2.3.3 Analyses 
 
Observed species richness 
Sample-based rarefaction was used to test the completeness of the species inventory 
from the human altered landscape overall (i.e. all management areas combined). The 
rarefaction curve was compiled using the Mao Tau estimator (Colwell et al., 2004) 
implemented in EstimateS software (Colwell, 2008). Input data were binary species 
incidences (1/0) derived from species’ detections/non-detections during active search 
periods and camera trap photographs recorded in each survey cell (Figure 2.2). 
 
Regional species pool 
I defined a regional species pool (sensu Cam et al., 2000; Daily et al., 2003) of mammal 
species that would be expected to occur in a primary, central Sumatran, lowland forest 
ecosystem based on species distributions published by Payne & Francis (1985), Nowak 
(1999) and Macdonald (2006). This reference community was restricted to species that 
could have been detected by our sampling methods; defined as species ≥ 0.65kg adult 
mass, ≥ 40cm head-body length and either partially terrestrial or if strictly arboreal 
primates, group living and vocal. Species meeting these criteria were considered 
sufficiently detectable by our combination of active search periods and camera trap 
sampling. The final regional species pool contained 51 species drawn from eight 
taxonomic orders and 18 families (Table 2.1). 
 
Observed ecological group representation 
Each of the 51 species in the regional pool was assigned to a simple ecological group 
based on body mass and trophic group; requisite data were compiled from Nowak (1999), 
Macdonald (2006) and Jones et al. (2009). The frequency distribution of species’ body 
mass estimates across trophic groups was positively skewed; mammals of ≤17.6kgs 
represented 84% of the overall regional pool (specifically, 94% of carnivores, 76% of 
herbivores, 83% omnivores). The largest mammals were >162kg (N = 5) with 
intermediate body sizes (17.6 - 162kgs) represented by three omnivores (Sus barbatus; 
135.8kgs, Sus scrofa; 84.5kgs and Helarctos malayanus; 57.1kgs). I applied a 21kg cut-
off to distinguish small and large bodied mammals across all three trophic groups. This 
body mass cut-off had a clear biological interpretation for carnivores as it represented the 
distinction between small prey and large prey feeding strategies (Carbone et al., 1999; 
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Carbone et al., 2007). I applied the same cut-off to herbivores and omnivores in the 
interests of consistency and because this value served as an effective distinction 
between modal body mass estimates and the tail of the distributions from these trophic 
groups. 
 
This list of species per ecological group was subset by management area (DWR, BWR, 
SLC, OPC_S, OPC_M) and ultimately collapsed into a two level factor that described 
broad levels of landscape alteration: Intermediate (composed of DWR, BWR and the 
SLC) and High (composed of OPC_M and OPC_S). This approach provided pair-wise 
comparisons between the regional species pool and each of the landscape alteration 
classes (Figure 2.5). 
 
Analysis was by generalised linear model (glm) with a binomial error structure. The 
response variable was the proportion of species from each ecological group in the 
regional pool that was detected in each landscape alteration class. Explanatory variables 
were categorical: trophic group (three levels, herbivore, omnivore, carnivore), body mass 
(two levels, small ≤21kgs, large >21kgs) and the relative level of landscape alteration 
(two levels, low = degraded forest matrices, high = agriculture/scrub habitat matrices). 
The minimum adequate model was derived by backward stepwise removal of non-
significant terms (p >0.05) from the saturated model following analysis of variance 
(anova, test = Chi) (Crawley 2008). Analyses were conducted using the statistical 
software package R, version 2.7.2 (R Development Core Team, 2008). 
 
Observed IUCN threat status 
To assess the conservation implications of reduced species richness under different 
levels of landscape alteration I used chi-squared goodness of fit tests to identify 
significant differences in the representation of different threat categories between 
landscape alteration classes with respect to the regional species pool. The IUCN threat 
categories Near Threatened (NT), Vulnerable (V), Endangered (E) and Critically 
Endangered (CE) were reduced to a two level factor: Low threat (NT and V combined) 
and High Threat (E and CE combined). In pair-wise comparisons between high and low 
levels of relative landscape alteration, the observed species richness in the lesser-altered 
landscape represented the expected species richness of the higher alteration landscape 
under the null hypothesis. 
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Estimated species richness 
Point estimates of species richness and associated 95% confidence intervals were 
calculated for each land management area using three estimators that accommodate 
heterogeneity in detection probabilities between both species and sampling cells. I used 
model(h), also known as the Incidence-based Coverage Estimator (ICE), model(th)  (Lee 
& Chao, 1994; Shen, 2003), and the first-order jackknife estimator (Burnham & Overton, 
1978). These estimators are implemented in the free software package Species 
Prediction and Diversity Estimation (SPADE) (Chao & Shen, 2003). Using a range of 
estimators in this way provides a conservative approach to species richness estimation. 
This analysis tests for a coarse gradient of change in species numbers across alternative 
land management areas and the relative landscape alteration classes that they represent. 
I calculated mean average species richness from the individual point estimates in each 
landscape alteration class. This measure of community integrity sensu Cam et al. (2000) 
allows for species detection probabilities of <1 and ensures that comparisons between 
landscape alteration classes are relative by accounting for the diminished regional 
species pool in progressively more altered landscapes. 
 
Ordination of species richness 
Non-metric multidimensional scaling ordination (MDS) (Clark & Warwick, 2001) was used 
to evaluate community composition between land management areas and landscape 
alteration classes. Input data were species detection/non-detection (1/0) per survey cell 
(n = 131). I used MDS (PRIMER software, version 5) rather than an alternative ordination 
technique because this approach makes fewer assumptions about the distribution of the 
underlying data and provides a visually intuitive summary of community similarity 
between sampling locations (Clark & Warwick, 2001).  
 
 
2.4 Results 
 
Observed species richness 
Sample-based rarefaction curves indicated the completeness of the species inventory 
from the human altered landscape overall (Figure 2.2). In total, 27 mammal species were 
detected in the human altered landscape overall. This observed species richness 
represents 53% of the species assigned to the regional species pool (n = 51 species) of 
south-central Sumatran lowland forest mammals that were susceptible to detection by the 
sampling methods used. This species inventory contained representatives from 15 
taxonomic families, three fewer than occurred in the regional pool since both 
representatives of the Herpestidae (Herpestes brachyurus, Herpestes semitorquatus) and 
the individual representatives of the Mephitidae (Mydaus javanensis) and Rhinocerotidae 
  32 
(Dicerorhinus sumatrensis) were absent from our sample. Negligible differences existed 
between observed species numbers in qualitatively similar management areas. Within the 
wildlife reserves, 26 mammal species were detected versus 24 in the selective logging 
concession; with 89% of species shared between these land management areas. Within 
OPC_S areas, 17 species were detected compared to 14 in the OPC_M; 78% of species 
were shared between these areas. 
 
 
Ecological group representation 
Carnivores, herbivores and omnivores were approximately equally represented in the 
overall regional species pool (31.4%, 33.3% and 35.3% respectively). In analyses of 
ecological group representation (Figure 2.3), the minimum adequate model retained body 
mass and landscape alteration class as significant variables (p < 0.001). Back-
transformation of the coefficients from the linear predictor indicate that on average, 26% 
fewer small mammals  (≤ 21kg body mass) were detected in the altered landscapes 
compared to the regional species pool and that areas of intermediate landscape 
alteration contained 72% more mammal species than areas of higher relative alteration. 
Large carnivores (Panthera tigris sumatrae) were not detected in the high alteration 
landscape class. 
 
Observed IUCN threat status 
Representation of Low and High threat status species (see Analyses) declined 
significantly in pair-wise comparisons between the regional species pool and the High 
landscape alteration class (X2 = 12.58, df =1, p<0.05). There was evidence of a declining 
trend in species numbers between the regional species pool and the Intermediate 
landscape alteration class (X2 = 3.38, df =1, p = 0.07). Numbers of threatened species 
declined significantly between the Intermediate and High landscape alteration classes (X2 
= 5.08, df =1, p <0.05). Specifically, low threat species declined and high threat species 
were not detected at all in the high landscape alteration class (Figure 2.4). 
 
Estimated species richness 
Estimated levels of species richness varied little among the wildlife reserves (DWR, 
BWR) and selective logging concession (SLC) that represent areas dominated by 
degraded forests and disparate rural settlements. In contrast, there was a notable decline 
in species richness associated with the oil palm concession (OPC_S and OPC_M) areas 
(Figure 2.5). The model(h) estimator indicated a significant (p <0.05) decline in estimated 
species richness in the oil palm dominated matrix (OPC_M) compared to the 
management areas that represented the intermediate landscape alteration class (BWR, 
DWR and SLC). Observed and estimated species richness in the oil palm dominated 
matrix (OPC_M) were the lowest values recorded in this study and as such are consistent 
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with other research indicating that this landcover hosts impoverished vertebrate 
communities and low overall biodiversity (Danielsen et al., 2008; Fitzherbert et al., 2008). 
 
Mean average point estimates of species richness from management areas of 
intermediate landscape alteration (BWR, DWR and SLC) indicated that 0.51 (0.47 - 0.70 
95% CI) of the regional species pool was likely to occur in those areas compared to 0.36 
(0.32 - 0.53 95% CI) in the high landscape alteration areas (OPC_S and OPC_M). The 
lowest point estimate in this study, 0.32 (0.28 - 0.49 95% CI), was derived from the oil 
palm dominated matrix (OPC_M) indicating that ~0.70 of the regional species pool was 
extirpated from this highly altered landscape. 
 
 
Ordination: community composition 
Differences in community composition were reflected in MDS ordination plots (Figure 2.6) 
in which the distances between points (i.e. survey cells, n = 131) is directly proportional to 
the observed dissimilarity in species detection/non-detection. Survey cells drawn from the 
OPC_S and OPC_M areas form a discrete group in multi-dimensional space, indicating 
the relative similarity of these areas in terms of mammalian community composition, and 
therefore, their dissimilarity from the majority of other survey cells.  Tests of analysis of 
similarity (ANOSIM) between intermediate and high landscape alteration classes 
identified significant differences (R = 0.35, p = 0.001) in community composition between 
these areas. Similar results were produced when the data were restricted to only those 
collected from active search periods (Figure 2.7). 
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2.5 Discussion 
 
This research makes five principal contributions to our understanding of how landscape 
change has impacted tropical mammalian diversity in south-central Sumatra. First, I 
present a representative and largely complete inventory of the nonvolant, forest adapted 
mammals that occur in this context. Second, I estimate the species richness allied to 
alternative land management regimes and I highlight the significantly impoverished 
mammalian communities associated with oil palm dominated areas. Third, I identify that 
the species that are lost following increasing landscape change, are predominantly the 
smaller bodied (<21kg) members of the regional species pool. Fourth, I demonstrate that 
species of highest conservation concern (listed in the IUCN threat categories, 
Endangered and Critically Endangered) are extirpated from the oil palm dominated areas. 
Finally, I discuss the continued degradation of remnant forest and the implications this 
has for the conservation of threatened mammals.  
 
Since I was unable to sample a pristine lowland rainforest system I used a species list 
compiled from the literature to reflect regional mammalian diversity (Cam et al., 2000; 
Daily et al., 2003). Results indicate that in south-central Sumatra, the conversion of 
contiguous lowland forests to a human-altered industrial matrix has resulted in a 
significant decline in mammalian species richness. Specifically, areas dominated by 
degraded forest (the selective logging concession, Bentayan wildlife reserve and Dangku 
wildlife reserve) have lost ~0.5 of the regional species pool, compared to a loss of ~0.7 in 
areas of dominated by oil palm. Comparisons between the wildlife reserves and the 
logging concession showed non-significant differences in estimated species richness. 
These areas were of qualitatively similar vegetation: dominated by degraded forest that 
provided relatively contiguous natural vegetative cover and so it was unsurprising that 
these areas contained similar mammalian diversity. 
 
Estimates of mammalian species richness indicated that highest richness was allied to 
management areas dominated by degraded forest and lowest in areas dominated by oil 
palm crop. I found evidence of a step-like decline in species richness between these 
areas. However, a statistically significant difference (p <0.05) in species richness was 
only detected between the oil palm dominated matrix and all other areas sampled. The 
disparity between oil palm dominated areas and other components of the sampled 
landscape was supported by analyses of community composition in which these areas 
formed a discrete cluster in multidimensional space indicative of the significantly 
impoverished communities in these areas. These results for species numbers and 
community composition are in keeping with research on other taxa that have 
demonstrated that oil palm dominated areas support only low levels of overall biodiversity 
and severely impoverished remnant communities (Danielsen et al., 2008; Fitzherbert et 
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al., 2008). The proliferation of oil palm crop will create increasingly large areas of land 
that are inhospitable to 70% of the Sumatran forest-mammal community described here. 
In other regions, significant differences in mammalian species richness have also been 
found between forest dominated areas and agricultural areas; forest areas again 
supporting the highest mammalian richness (Daily et al., 2003). 
 
I used simple ecological groups to categorise the mammals in the regional species pool, 
based on trophic group (carnivore, omnivore, herbivore) and body size (small <21kg, 
large >21kg). The majority of species in the regional pool were smaller bodied with 
essentially equal representation between trophic groups. The factors influencing the 
proportion of regional pool species occurring in the altered landscape were body size and 
relative landscape alteration class. On average, a higher proportion of the small 
mammals were lost in the transition from the regional pool to the altered landscapes. This 
is in contrast to the pattern observed in other systems where larger species were 
removed (Daily et al., 2003). Although I detected all of the larger mammals in the human 
altered landscape overall it is important to note that these species were allied to areas 
dominated by degraded forest and that these larger species were not detected in oil palm 
dominated areas. Overall, areas of intermediate landscape alteration contained 72% 
more mammal species, on average, than areas of higher relative alteration. 
 
To identify the effects of landscape alteration on species of conservation concern I 
reduced the IUCN threat categories (IUCN, 2008) to a two level factor: low threat (near 
threatened and vulnerable) and high threat (endangered and critically endangered). 
There was evidence of a declining trend in species numbers between the regional 
species pool and the areas dominated by degraded forest. In addition, numbers of high 
and low threat species declined significantly in the transition to areas of high landscape 
alteration. Specifically, low threat species declined and high threat species were not 
detected at all in the high landscape alteration class. The loss of high threat species in 
the oil palm areas equates to the only large carnivore in this system, the Sumatran tiger 
(Panthera tigris sumatrae). 
 
There are several points that the critical reader should consider when interpreting these 
results.  Observed species richness does not account for detection probabilities of <1 and 
as such will typically represent underestimates of true richness. Consequently, I restrict 
the use of observed species numbers to summary analyses that are dependent on 
species identity (i.e. allocation to IUCN threat categories and simple ecological groups). 
Provided the species inventory is relatively complete (see Figure 2.2) use of these naïve 
species numbers in these contexts are justifiable as indicators of general trends. 
Although sampling methods were consistent between land management areas, the area 
of each differed. Potentially, fewer species might have occurred in certain land 
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management areas by virtue of their smaller size rather than the adverse effects of the 
landcover itself. 
 
It is important to note that the study design described here introduces pseudoreplication 
to the data because repeated samples were taken from groups of survey cells within 
individual land management areas. In light of this, care should be taken in considering the 
communities recorded in this work as representative of the communities in similar land 
uses in the wider landscape. However, the land uses sampled in this study represent a 
gradient of land use intensity similar to that found elsewhere in the region and so the data 
and analyses presented here should be interpreted with respect to this gradient. 
 
In addition, individual land management areas were relatively heterogeneous and 
included a gradient of relative human alteration. This was apparent in Figures 2.6 and 2.7 
in which several survey cells from Bentayan wildlife reserve lay in the multidimensional 
space occupied by the most highly altered survey cells from the plantation concession. 
This was not unexpected as areas of Bentayan wildlife reserve were subject to 
qualitatively higher levels of landscape change. 
 
The proximity of individual land management areas and our interest in relatively large 
bodied, wide-ranging mammals allows species “spill over” from patches of native 
vegetation in the wider matrix into highly altered areas of land. This is a particular issue 
when local-regional species richness plots are employed to test for species saturation 
(Srivastava, 1999), and although I do not employ this analytical technique specifically, I 
acknowledge the implications of species spill over between sampling areas. However, in 
the landscape described here the direction of this species spill over was from less altered 
to more altered landscapes, since there were no species unique to the more altered 
areas. The net effect of this process is that my estimates of species richness for 
individual management areas, and the alteration gradient they represent, can be 
interpreted as the upper bounds of species richness. Spatially explicit analyses that 
specifically address these issues are the subject of current collaborative analyses. 
Preliminary results from these analyses indicate that mammalian diversity within the 
interior of an oil palm monoculture is in fact reduced to four species of mammal 
(Fitzherbert et al. in prep); representing just 8% of the regional species pool described 
here. 
 
In light of forecasted agricultural and population expansion, the spread of the human 
altered landscapes described here are to a large extent inevitable (Daily, 2001). Results 
from this study suggest that for forest adapted mammals in south-central Sumatra this 
could lead to a net loss of between 50-70% of the regional species pool, depending on 
the level of alteration. 
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The projected expansion of the oil palm industry (Clay, 2004) could impact our capacity to 
conserve mammalian diversity by directly replacing valuable forest habitats and by 
indirectly encouraging the colonisation of these areas by rural people (Sandker et al., 
2007). Results presented here indicate that oil palm dominated areas support low levels 
of mammalian diversity, a similar trend to that reported in other taxa (Danielsen et al., 
2008; Fitzherbert et al., 2008). No evidence has yet been found of highly threatened 
species such as the Sumatran tiger using oil palm dominated areas and this is likely to be 
a consequence of inadequate ground level cover between the mature palms. A key step 
to mitigate the impact of oil palm would be to increase ground level cover to provide 
connectivity for wide-ranging mammals (Maddox et al., 2003, 2007). 
 
An increase in oil palm concessions also confers an increase in scrub habitats and rural 
settlement in areas bordering the concession (Sandker et al., 2007). These areas are 
highly dynamic, transitional landscapes dominated by rural people. Tigers were 
previously widespread throughout marginal scrub habitats that bordered the oil palm 
concession, but it is believed that the colonisation and further degradation of these areas 
by illegal land settlers was responsible for the extirpation of these animals. It is likely that 
this was a product of both landcover degradation and poaching (Maddox et al., 2003, 
2007). 
 
As oil palm expands, so the habitats that support endangered species in human altered 
landscapes will diminish. Since the species of greatest concern to conservation are 
extirpated from this land management regime they will be confined to degraded forest 
habitats contained within selective logging concessions and small wildlife reserves. 
These areas could be appropriated under provincial spatial planning to provide refugia 
and landscape connectivity for wide-ranging mammals, such as the Sumatran tiger, for 
which isolated protected areas are insufficient (Woodroffe & Ginsberg, 1998). 
 
Many species threatened by the loss of native habitats actually use human altered 
landscapes and could in principle be conserved through appropriate management of 
these landscapes (McNeely & Scherr, 2002). Results from this study indicate that the 
conservation value of human altered landscapes lies principally in areas of degraded 
forest. However, my observations suggest that this landcover is a transient system 
progressing towards rural settlement and smallholder agriculture and will therefore be 
very difficult to secure. On a wider scale, some researchers have suggested that 
biodiversity loss associated with deforestation can be offset by regenerating degraded 
lands and plantation forests (Wright & Muller-Landau, 2006). However, others have 
argued that we still do not know enough about the conservation potential of these areas 
to be so confident in their utility (Brook et al., 2006; Gardner et al., 2007). To fully 
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understand the conservation potential of human altered landscapes we need data from all 
of the landcover types (Craig et al., 1999; Daily et al., 2003; Barlow et al., 2007). Where 
research has been done, there have been issues with study design, bias toward certain 
taxa (Gardner et al., 2007) and reliance on species richness as a response variable (Su 
et al., 2004). However, recognition of these issues has encouraged more rigorous studies 
intent on resolving these specific issues for multiple taxa (e.g. Barlow et al., 2007). 
 
Wider recognition that landscapes dominated by degraded forests have a particular 
conservation value, could ultimately provide support for protected areas that otherwise 
would be left to preserve tropical forest biodiversity in relative isolation. In light of the 
speed and magnitude with which anthropogenic landscape change is advancing, it is 
imperative that conservation scientists identify the true capacity for conservation in the 
wider human-altered matrix. 
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2.6 Tables and Figures 
 
Table 2.1 Regional species pool of nonvolant mammals expected to occur in 
undisturbed, central Sumatran lowland forests. Taxonomy follows Wilson and Reeder 
(2005). IUCN Red List status is denoted as follows: Not Listed (NL), Data Deficient (DD), 
Least Concern (LC), Near Threatened (NT), Vulnerable (V), Endangered (E) and 
Critically Endangered (CE). Size classes refer to adult body mass: small <21kg, large 
>21kg. Detection method indicates whether a species was detected during active search 
periods (AS), by camera trap (CT), or by both (AS+CT). 
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Figure 2.1  Study site locations with respect to protected areas, agri-industrial land uses 
and Sumatran provincial borders. (a) Protected areas (dark grey) on Sumatra include 
IUCN categories Ia (Nature reserve), II (National Park), IV (Wildlife reserve) and VI 
(Protection forest). Data were from the World Protected Area Database, available at 
www.unep-wcmc.org. Human altered landscapes (light grey) dominated by estate crops, 
plantations and logging concessions. Data were from the World Forest Watch, available 
at www.globalforestwatch.org. The management areas surveyed are indicated in black. 
Note that the oil palm concession and selective logging concession share boundaries and 
as such appear as one area. (b) The individual management areas in detail. Black points 
indicate survey cell centres (n = 131), black triangles correspond to oil palm dominated 
cells in the oil palm concession (OPC_M). Public roads (i.e. asphalt) and logging roads 
are also shown. 
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Figure 2.2  Sample-based rarefaction curves including 95% confidence intervals. Data 
derived from species detection/non-detection using active search periods and/or camera 
traps in 131 survey cells. The uppermost grey curves indicate the intermediate landscape 
alteration class. The lower black curves indicate the highly altered landscape class. 
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Figure 2.3  Observed ecological group representation across landscape alteration 
classes, presented as proportions of the regional species pool. Significantly fewer small-
bodied mammals (<21kg) were detected in the human altered landscapes overall (p 
<0.05) and a significantly higher proportion of the ecological groups were detected in the 
intermediate landscape alteration class than the high alteration class (p <0.05). 
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Figure 2.4 Representation of observed species IUCN threat status in the regional 
species pool and the intermediate and high landscape alteration classes. Lower relative 
IUCN threat status is indicated in grey and is composed of IUCN categories Near 
Threatened (NT) and Vulnerable (V). Higher relative IUCN threat status is indicated in 
black and is composed of IUCN categories Endangered (E) and Critically Endangered 
(CE). Mammal species of greatest conservation concern - Endangered (E) and Critically 
Endangered (CE) - were not detected in the highly altered landscapes represented by the 
oil palm concession (OPC_S and OPC_M areas combined). 
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Figure 2.5 Individual point estimates of species richness with associated 95% confidence 
intervals from each of four land management areas surveyed in south-central Sumatra. 
Species richness was consistent across the management areas dominated by degraded 
forest (wildlife reserves and selective logging concession) but there is evidence of a step-
like decline in the plantation concession, particularly the oil palm matrix, in which the 
lowest observed and estimated species richness was recorded. The model(h) estimate 
indicates that significantly (p <0.05) fewer species occur in the plantation’s oil palm 
dominated areas than in the areas of intermediate landscape alteration. 
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Figure 2.6 Pattern of community composition (2D multidimensional scaling ordination 
plot) across 131 survey cells drawn from five land management areas. Data are a 
combination of active search periods and camera traps. Survey cells drawn from the oil 
palm concession are black points (OPC_M cells) and hollow grey circles (OPC_S), with 
all other survey cells coloured light grey.  
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Figure 2.7  Patterns of community composition (2D multidimensional scaling ordination 
plot) across 131 survey cells drawn from five land management areas. Data are derived 
from only active search periods. Survey cells drawn from the oil palm concession are 
black points (OPC_M cells) and hollow grey circles (OPC_S), with all other survey cells 
indicated by light great points. 
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3 Ecological Traits and Mammalian Persistence in Human         
Altered Landscapes 
 
 
3.1 Abstract 
 
Intrinsic ecological traits affect species persistence in the face of environmental change. 
Identifying the mechanics of this process will help us understand species responses to 
the human-altered landscapes that are an inevitable feature of the 21st century.  Results 
suggest that in the initial stages of landscape change there is the capacity to support 
large specialist species, with slow life histories. However, as landscape degradation 
continues to an agricultural matrix, only habitat and diet generalists persist. Thus, there 
exists a small window of opportunity for the conservation of the larger, typically vulnerable 
species, as further habitat degradation favours only a few generalists. 
 
 
3.2 Introduction 
 
With anthropogenic landscape change recognised as the greatest threat to biodiversity 
(Pimm et al., 1995; Chapin III et al., 2000) there is a great need to understand how 
biological traits influence species’ responses to changing environments and ultimately 
their risk of extinction (Bennett & Owens, 1997; Purvis et al., 2000a; Jones et al., 2003; 
Cardillo et al., 2004). Collectively, intrinsic ecological traits contribute to a species’ niche, 
which essentially defines the conditions under which a species exists and how it interacts 
with its environment (Grinnell, 1917; Hutchinson, 1957; Chase & Leibold, 2003). In a 
changing landscape, a broader niche would be expected to confer a greater advantage to 
species survival and this idea is supported in the literature where ecological specialisation 
has been found to influence extinction risk in both mammals (Harcourt et al., 2002; 
Boyles & Storm, 2007) and birds (Julliard et al., 2003; Shultz et al., 2005). 
 
While the overall result of anthropogenic landscape change appears to be a decline in 
biodiversity (e.g. Fitzherbert et al., 2008), there are stark differences between individual 
species’ responses (Daily, 2001; Davies et al., 2000; Owens & Bennett, 2000). The 
groups of species that occur in modified landscapes are typically subsets of an ancestral 
species pool, altered in composition and structure by the loss of species that were unable 
to persist in a changed landscape (Duchamp & Swihart, 2008). In the most heavily 
altered landscapes, communities become dominated by a few extremely adaptable 
species (Wood & Chung, 2003). 
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Key results from recent work indicate that species extinction risk is driven by a 
combination of both intrinsic (species biology) and extrinsic (environmental) factors 
(Cardillo et al., 2005). Overall, the main intrinsic traits linked to extinction are body size, 
habitat and/or dietary specialisation (Owens & Bennett, 2000; Purvis et al., 2000b). In 
general, larger body size is associated with a slow life history strategy; a mechanism that 
is thought to have evolved under more stable environments to produce longer lived 
animals with reduced reproductive output. In contrast, smaller species typically utilise a 
fast strategy that persists in less stable, changing environments and is associated with 
higher reproductive outputs (Stearns, 1983). For larger species with large space 
requirements, small habitat patches may not be sufficient. However, body size also 
affects the ability to move across the landscape (Hanski, 1998; Etienne & Heesterbeek, 
2001) and this increased mobility may enable larger species to more effectively utilize 
remnant habitat patches. By comparing species’ traits within communities that occupy 
different components of a landscape, it would be possible to identify the relative influence 
of these different factors on patterns of species persistence and local extinction. 
 
Profound landscape change has occurred across much of south-central Sumatra in 
recent years. In this study I investigate patterns of mammalian persistence in this region 
to explore how species’ traits influence their response to different levels of habitat 
degradation. This approach informs our understanding of how mammalian biodiversity is 
affected by the continued intensification of landscape change. Here, I compare the 
importance of body size and a number of reproductive, dietary and behavioural traits on 
observed patterns of species persistence.  First, I consider the traits associated with 
persistence in a less severe form of landscape change by comparing a theoretical 
species pool to an observed species inventory from degraded forests. Second, I identify 
the traits associated with species that are known to occur within the most severely altered 
areas of the study landscape – an oil palm (Elaeis guineensis) matrix. 
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3.3 Methods  
3.3.1 Study sites  
 
Between March and September 2006 I sampled four land management areas in south-
central Sumatra (latitude 1o 53´ to 2o 35´S, longitude 103o 2´ to 104o 9´E). The individual 
study sites encompassed a gradient of landscape alteration. Management areas 
dominated by degraded forest and extensive natural vegetation were structurally more 
complex and subject to less human disturbance than areas of oil palm crop or the 
adjacent scrub habitats that were colonised by illegal land settlers. This coarse 
description of landcover complexity was used to group study sites as either intermediate 
landscape alteration or high landscape alteration. The individual land management areas 
assigned to the intermediate landscape alteration class were (i) a selective logging 
concession (SLC, 800-km2, 45 cells), subject to industrial legal logging and small-scale 
illegal logging; (ii) Dangku wildlife reserve (DWR, 250-km2, 28 cells), a low-level protected 
area (IUCN category IV) extensively populated by rural settlers with associated illegal 
logging and land cover conversion and (iii) Bentayan wildlife reserve (BWR, 300-km2, 30 
cells), a second low-level protected area (IUCN category IV) also subject to extensive 
human settlement and associated land cover conversion. The alternative high landscape 
alteration class contained two components of an oil palm concession (OPC, 270-km2), (i) 
an oil palm monoculture (OPC_M, 14 cells) and (ii) an adjacent matrix of scrub habitats 
(OPC_S, 14 cells) that have been extensively colonised by pioneer land-settlers. 
 
 
 
3.3.2 Field methods 
 
I sampled 131 2 x 2-km cells drawn from the aforementioned land management areas. A 
combination of active search periods (trained field personnel) and camera traps were 
used to detect nonvolant mammals. Data collection methods were consistent across 
sites, with survey cells drawn from simple random samples of the overall management 
area (OPC, DWR), sub-sections thereof (SLC) or a uniform grid initiated from a 
randomised start location (BWR). This approach to cell selection balanced the logistical 
constraints of cell accessibility, geographic coverage of the overall management area and 
the desire to generalise findings to the wider landscape. Overall, survey cells covered 
29% of the total management area (1620-km2) encompassed by the management 
boundaries. 
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Five survey teams, each of two people, were established in March 2006. Teams were led 
by individuals of equivalent training and field experience. Each team operated 
independently within the survey cells and visited each cell only once. Four teams were 
active on a given day with teams rotating between proximate cells once three hours of 
active search effort had been completed. Teams travelled to cells by motorbike and for 
logistical reasons cells were surveyed in groups, with clusters of four neighbouring cells 
surveyed on 3-4 sampling occasions (85% of cells = 4 sampling occasions) over a two-
day period. This approach provided repeated independent samples of each sampling cell. 
 
During each three-hour sampling occasion teams aimed to travel widely throughout the 
cell (mean average two-dimensional distance was 4.8km, derived from GPS odometers 
on sampling occasions with ~3hrs GPS coverage, n = 202) searching a representative 
sample of the available habitats and in turn maximising the probability of encountering 
mammal signs. Mammal signs were either obtained directly through sightings or audio 
cues, or indirectly predominantly through recording footprints but also other indicators 
such as faeces where these could be assigned to a target species with confidence. Team 
leaders geo-referenced all direct and indirect signs using Garmin 60c global positioning 
systems (GPS) (Garmin International Inc., Olathe, KS) in universal transverse mercator 
(UTM) coordinates. Each team was equipped with footprint identification guides and 
followed rigorous species-sign identification protocols to minimise the risk of wrongly 
identifying a species, leading to a false positive record of species presence. 
 
In addition to active search periods, Deer cam DC300 (Non-typical inc., USA) 35mm film 
camera traps were placed at the intersection of wildlife trails within survey cells to provide 
an additional form of sampling with which to establish species detection/non-detection. 
Cameras were placed in 85% (n = 111) of survey cells for a mean average of 18 trap 
nights per cell, providing 1991 camera-trap nights in total.  Cameras were placed at a 
height of 30 – 45cm depending on the terrain and vegetation structure in the immediate 
vicinity of the trap site. The camera placement protocol was designed to maximise the 
probability of detecting mammals without introducing systematic bias toward a particular 
species. 
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3.3.3 Analyses 
 
This study sought to identify the ecological traits associated with species persistence in 
the forest-adapted mammals of south-central Sumatra. First, I define which of the species 
in the ancestral regional pool persist into the present landscape. Second, I define where 
these persistent species occur in the present day landscape. Throughout this study I 
have defined persistent species as those detected and non-persistent species as those 
that were not found. This approach assumes that species non-detection is equivalent to 
true absence, see below for further details. 
 
These analyses rely on three species inventories. First, a regional pool of species 
expected to occur in a pristine, lowland Sumatran forest landscape (the dominant 
landcover in this region prior to extensive human alteration) was compiled from the 
literature (n = 51 species). Second, the total observed species richness from field surveys 
across all four of the land management areas (n = 27 species). Third, the total observed 
species diversity from the survey cells within the oil palm dominated matrix (n = 14 
species). Using these species lists I identified the ecological traits associated with 
species persistence under two scenarios: (i) persistence from the ancestral species pool 
to the present human altered landscape overall, and (ii) persistence within the most 
highly altered components of the present landscape – the oil palm dominated matrix.  
 
Species detected at least once by either active search period or camera trap were 
considered persistent in a given context; the remainder were classified as non-persistent. 
It is likely, however, that a number of species were present in the human altered 
landscape overall but remained undetected by the sampling methods described here (see 
Chapter 2). Consequently, my interpretation of detection/non-detection equating directly 
to species persistence/non-persistence must be interpreted in the knowledge that the 
record may contain false absences. This issue is more relevant in analyses based on the 
regional species pool as several of these species would have been difficult to detect, 
requiring camera trap pictures or direct sightings (see Discussion).  
 
 
The Mammalian Community  
I defined a regional pool of mammal species that were (i) detectable using the sampling 
methods described here and (ii) likely to occur in the study region based on species 
distributions published in the literature (e.g. Payne & Francis, 1985; Nowak, 1999; 
Macdonald, 2006). Of this regional pool, 49% of species were listed as near threatened 
or threatened according to IUCN Red List criteria (specific categories: near threatened, 
vulnerable, endangered and critically endangered). 
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To minimise the risk of excluding species which actually persist in the region the 
reference community was restricted to nonvolant species that could have been detected 
by the sampling methods employed, defined as species ≥ 0.65kg adult mass, ≥ 40cm 
head-body length and either partially terrestrial or if strictly arboreal primates, group living 
and vocal. The lower body mass limit was based on the smallest species that could be 
reliably identified from its footprints, the Malayan weasel (Mustela nudipes). The smallest 
species detected by camera trap during field surveys was the common tree shrew 
(Tupaia glis), weighing 90 – 190 grams, head-body length 135-205mm. These criteria 
exclude members of the Scandentia and Rodentia as detections of such small species 
are very rare events, essentially occurring by chance. Species meeting the 
aforementioned criteria were considered sufficiently detectable to be detected at least 
once during active search periods and/or camera trap sampling, although I acknowledge 
that for many of these species, detection probabilities would be very low. The final 
regional species pool contained 51 species drawn from eight taxonomic orders and 18 
families (Chapter 2, Table 2.1). In total, 27 species from the regional pool were detected 
during field surveys across the overall sampled area (i.e. both wildlife reserves the 
logging concession and the oil palm concession). 
 
 
Explanatory Variables 
For 51 species of nonvolant mammal assigned to the regional species pool I collated data 
on nine candidate traits; each chosen because of clear potential to influence species’ 
capacity to persist in human altered landscapes (Table 5.1). Continuous explanatory 
variables were collated from the Pantheria dataset (Jones et al., 2009), specifically these 
were, adult body mass, age at sexual maturity, inter-birth interval, litter size and diet 
breadth. Behavioural traits were categorical and were sourced from the literature e.g. 
Nowak (1999), Macdonald  (2006) and Francis (2008), and included, activity period (three 
levels; diurnal, nocturnal, day-and-night active), terrestriality (three levels; terrestrial, 
arboreal or tree-climbing) and sociality (two levels, solitary or forms transient pairs, group 
living).  
 
 
 
 
 
 
 
 
 
 
 
 
Persistent (11 sp.) 
Class probability: 0.91 
 
sambar 
red muntjac 
bearded pig 
wild boar 
dhole 
clouded leopard 
tiger 
sun bear 
Malayan tapir 
Asian elephant 
Sumatran rhino 
 
  54 
Classification Tree Models 
I used classification tree models (Breiman et al., 1984; Clark & Pregibon, 1992; Ripley, 
1996; De'ath & Fabricius, 2000) to assign mammal species to a binary response variable: 
‘persistent’ or ‘non-persistent’ according to whether a species was detected at least once 
during active search periods or by the camera traps during the field surveys. 
Classifications were based on a suite of ecological traits expected a priori to influence 
species’ ability to persist in human-altered landscapes. All data analyses were performed 
using the statistical software package R (R Development Core Team, 2008) and the 
library of tree model routines implemented in the package, rpart (Recursive PARTitioning) 
(Therneau & Atkinson, 2008). 
 
Models were fitted using binary recursive partitioning, whereby the data are repeatedly 
split along coordinate axes of the explanatory variables. Splits are allocated where the 
distinction between the response variable is maximised at each node. Each explanatory 
variable is assessed in turn (De'ath & Fabricius, 2000). From all possible splits of all the 
explanatory variables, the one that maximised the homogeneity of the two resulting 
groups was selected. I used the Gini impurity criterion to determine the optimal splitting 
criterion, with splits attempted wherever three or more species were present and allowing 
terminal nodes to contain as few as one species. Optimal tree sizes were obtained from 
50 10-fold cross-validations. The final trees (Figures 3.2 and 3.3) correspond to the 
modal tree sizes using the 1-SE rule, as advocated by Breiman et al. (1984). 
 
The species-trait dataset contained missing values because many of the species in the 
regional pool are poorly studied. This issue was resolved by using surrogate variables in 
the classification tree models (Therneau & Atkinson, 2008). In this approach, once a 
splitting variable and specific split point were identified from the dataset overall, e.g. inter-
birth intervals of  ‘< 12 months’ and ‘≥ 12 months’, the partitioning algorithm was re-
applied to predict these categories using the other explanatory variables. Numerous 
surrogate variables are identified and then ranked against one another based on 
misclassification error rates. Finally, where missing values exist, the surrogate variables 
are used in rank-order to split these species. In the analyses described here surrogate 
variables were used on several occasions and have been added to Figures 5.4 and 5.5 
accordingly. In essence, the use of surrogate variables simply means that a specific split 
is the result of two explanatory variables working in combination rather than just one. An 
alternative solution to missing trait values would have been to estimate the missing trait 
values based on similar species. However, in many cases alternative but similar species 
were also poorly studied and so this approach would have been problematic to execute 
and ultimately difficult to defend. 
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3.4 Results 
 
Ancestral regional pool vs. the human altered landscape inventory 
In a comparison between the species in the ancestral pool and those detected in the 
present landscape, the persistent species were generally larger (adult body mass > 
14kg). Of the smaller species, those that produced smaller litters (< 2 offspring per litter) 
were more likely to persist. Eight species lacked trait values for the variable litter size and 
so a surrogate variable, trophic group, split these species. The persistent species 
contained a higher proportion of omnivores and the non-persistent species tended to be 
herbivores or carnivores. Therefore, in the transition from the ancestral regional pool to 
the present landscape, there was a tendency for larger bodied species and those that 
produced smaller litters or had broader diets to persist. 
 
 
Human altered landscape inventory vs. highly altered areas 
The distinction between the species that persisted in the wider human altered landscape 
and those that also occurred within the highly altered, oil palm areas, was largely 
attributed to body mass, reproductive and dietary traits. Species that were able to use the 
oil palm dominated areas were smaller with broad diets and higher reproductive outputs. 
The only larger mammals using these areas were omnivorous e.g. wild boar (Sus scrofa). 
 
Although, inter-birth interval was the primary splitting variable, body mass was a strong 
surrogate variable and was used to split 12 species that lacked trait values for the primary 
variable. In combination these variables split the larger bodied species with the longest 
inter-birth intervals from the remainder and assigned them to a non-persistent group. 
Trophic group provided the second highest splitting criterion, with all omnivores classed 
as persistent. The remaining species (the herbivores and carnivores) were again split by 
a dietary trait, diet breadth, in which the majority of persistent species (n = 9) had 
relatively broader diets (>1.5 dietary groups). These nine species were split by two 
reproductive traits: Age at Sexual Maturity and Litter Size. The penultimate split, Age at 
Sexual maturity, classified one species as ‘persistent’. The final eight species were 
subsequently classified based on litter size; five species with small litters of <1.5 offspring 
were classified as non-persistent and three species with relatively larger litters were 
classified as persistent. Overall, in these latter stages of the tree, the persistent species 
were characterised by broader diets and produced slightly larger litters. 
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3.5 Discussion 
 
This study sought to identify the ecological traits associated with species persistence in 
the face of anthropogenic landscape change. The traits chosen could confer an 
advantage within a single generation (e.g. broader diets allowing species to find food in 
changing landscapes) or between generations (e.g. high reproductive output and a 
generally fast life history strategy). First, I defined which of the species from the ancestral 
regional pool persisted into the current landscape. Second, I identified the circumstances 
under which these persistent species occur in the modern landscape. In this study I 
defined persistent species as those detected and non-persistent species as those that 
remained undetected. This approach requires that I treat non-detection as a true 
absence. 
 
From a suite of ecological traits expected to influence species’ capacity to persist in the 
face of landscape change, I identified that a combination of body size, reproductive rate 
and dietary specialisation were best able to distinguish between species that persisted 
and those that did not. I found a pattern of species persistence that was indicative of the 
ideas embodied by the fast/slow life history strategies (sensu Stearns, 1983). Broadly 
speaking, in the initial stages of landscape alteration the larger bodied slow strategists, 
with associated low reproductive output, were found to persist in the less disturbed areas 
in the landscape matrix. In areas with more severe levels of landscape change, the 
balance of persistence shifted in favour of fast strategists. In addition, I also found 
evidence of diet specialisation being an important factor; omnivores and species with 
broad diet breadth were more likely to persist. These analyses also indirectly measured 
habitat specialisation. The species that persist in the most altered landcover (oil palm) 
also occur in all other habitats and therefore represent habitat generalists. 
 
Research has shown that the main ecological traits linked to extinction risk are body size, 
habitat and/or dietary specialisation (Owens & Bennett, 2000; Purvis et al., 2000b). This 
body of research is directly relevant to the work described here as it also tries to 
understand how ecological traits influence persistence. Much of this research has 
focussed on extinction because ultimately conservation science seeks to understand 
drivers of decline in order to move from a reactive to a predictive capacity able to mitigate 
these declines (Mattila et al., 2008; Terborgh et al., 2001).  
 
Since body mass is correlated with many other ecological characteristics including 
mobility and reproductive strategy (Laurance, 1991) it is not surprising that this trait was 
an important explanatory variable. Larger, slow strategists are more likely to survive in 
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mature ecosystems (pristine and degraded forest) in which they put more resources into 
rearing fewer young. Also, animal ranging patterns increase with increasing body size 
(Jetz et al., 2004) and this may allow larger species to move between remnant natural 
habitats distributed throughout the wider matrix (Hanski, 1998; Etienne & Heesterbeek, 
2001). However, the lower reproductive outputs associated with larger species have in 
turn been linked to an increased risk of extinction due to a reduced capacity to respond to 
population declines (Owens & Bennett, 2000; Purvis et al., 2000b). In contrast, smaller 
‘fast’ species are better adapted to surviving in habitats subject to disturbance and tend to 
produce more offspring to compensate for their lower survivorship under these 
conditions.  
 
The influence of diet on extinction risk has been studied at a trophic level (Purvis et al., 
2000b) and in terms of niche breadth (Safi & Kerth, 2004). In the system described here, 
persistent species tended to be omnivores or species with broader diets. It is likely that 
species with narrow dietary requirements would be more sensitive to loss of food or the 
destruction of habitats from which their food originates (Laurance, 1991).  
 
Habitat specialisation has been shown to influence species’ extinction probability (Owens 
& Bennett, 2000; Purvis et al., 2000b). Although my analyses did not include a direct 
measure of habitat specialisation, I still address this issue through patterns of species 
presence/absence in different habitats. The species that persist in the most altered areas 
can be considered the least specialised as they occur in all habitats from pristine forest 
(regional species pool) down to oil palm dominated areas. 
 
With the exception of the suids (Sus scrofa, Sus barbatus) and cervids (Rusa unicolor, 
Muntiacus muntjak), larger mammals were allied to the areas of degraded forest found in 
the logging concession and wildlife reserves. Management areas dominated by this 
landcover are subject to considerable pressure from rural human populations (see 
Chapter 4) and are typically in a state of progressive degradation. As such, these larger 
species, e.g. Sumatran tiger (Panthera tigris sumatrae) and Malayan tapir (Tapirus 
indicus), are of high conservation concern as they persist in this landscape only by virtue 
of these extremely valuable degraded forest habitats.  
 
Tree models have provided a useful approach in the analysis of a relatively small dataset 
with missing trait values for rare and poorly known species e.g. (Peh et al., 2004; Olden 
et al., 2008). The critical reader may be concerned that my approach does not sufficiently 
address the implications of species missing from the inventories. In my approach, a 
species that occurred in the landscape but evaded detection during sampling would be 
misclassified as non-persistent. If these misclassifications were sufficient to alter the 
representation of ecological traits, this could potentially influence my conclusions 
  58 
regarding mammalian persistence in this context. The species most likely to have been 
missed are reclusive, e.g. golden cat (Catopuma temminckii), or have highly specialised 
habitat requirements e.g. otter species. A small proportion of these species could be 
reclassified as persistent to test if this changes the conclusions from the tree models. 
Adding the short-tailed mongoose, a species that I did not detect but which occurs in the 
landscape (Maddox et al., 2007), did not affect model tree size or the splitting criterion. 
Also, removing two species, marbled cat (Pardofelis marmorata) and the banded surili 
(Presbytis femoralis) that were detected anecdotally did not affect the results from the 
tree models. Provided the species inventories are largely complete and representative of 
the community I sought to describe, the important traits will have been detected and my 
conclusions as to their relative importance will be robust. 
 
It is important to note that the study design described here introduces pseudoreplication 
to the data because repeated samples were taken from groups of survey cells within 
individual land management areas. In light of this, care should be taken in considering the 
communities recorded in this work as representative of the communities in similar land 
uses in the wider landscape. However, the land uses sampled in this study represent a 
gradient of land use intensity similar to that found elsewhere in the region and so the data 
and analyses presented here should be interpreted with respect to this gradient. 
 
Results from this study suggest that in the initial stages of landscape change enough 
suitable habitats remained to support large specialist species. However, it appears that 
the transition to an agricultural matrix could only support the more robust species best 
described as small bodied generalists, e.g. Malayan civet (Viverra tangalunga). The few 
large bodied species that persisted were omnivores (e.g. wild boar). It is interesting to 
note that extrinsic processes, such as the off-take of larger mammals by hunting 
(Escamilla et al., 2000; Cardillo & Bromham, 2001; Daily et al., 2003) could also affect 
perceptions of species persistence. In general, hunting has played an important role in 
population declines in Asian forests (Corlett, 2007). In this landscape, tigers are thought 
to have been persecuted during the colonisation of marginal lands on the plantation 
concession, ultimately leading to their extirpation from this area. (Maddox et al., 2003; 
Maddox et al., 2007).  
 
In summary, this study suggests that the larger mammals of conservation concern (slow 
strategy species) persist only in the early stages of landscape change. There exists a 
small window of opportunity for the conservation of these species as further degradation 
favours the fast strategy species. In addition, even if conservation interventions were swift 
and effective, there is a high probability that these populations carry an extinction debt 
(Tilman et al., 2004). This time lag between habitat loss and extinction could undermine 
the perceived potential for conservation in human-dominated landscapes. 
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3.6 Tables and Figures 
 
 
 
Table 3.1 Description of explanatory variables used to describe species resilience to 
landscape alteration. 
 
 
   
Regional Pool : 
Human Altered Landscape 
 
 
Human Altered Landscape : 
Oil Palm Matrix 
 
Explanatory 
variable 
 
 
Class 
 
Type  
(No. data 
points) 
 
 
Range (mean) 
 
Type  
(No. data  
points) 
 
 
Range (mean) 
 
Adult body 
mass (kg) 
 
 
Mass 
 
Continuous 
(49) 
 
0.6-3269.8 (111.9) 
 
Continuous  
(27) 
 
0.8 - 3269.8 (160.3) 
 
Age at sexual 
maturity 
(months) 
 
 
Reproductive 
 
Continuous 
(24) 
 
5.1-132.0 (40.7) 
 
Continuous  
(18) 
 
5.1  - 132.0 (35.8) 
 
Inter-birth 
interval 
(months) 
 
 
Reproductive 
 
Continuous 
(22) 
 
5.0-42.0 (15.0) 
 
Continuous  
(15) 
 
5.0 - 39.0 (14.3) 
 
Litter size 
 
 
Reproductive 
 
Continuous 
(43) 
 
1.0-6.6 (2.1) 
 
Continuous  
(25) 
 
1.0 - 6.6 (2.0) 
 
Diet breadth 
 
 
Dietary 
 
Continuous 
(45) 
 
1.0-6.0 (3.3) 
 
Continuous  
(25) 
 
1.0 - 6.0 (3.0) 
 
 
Trophic group 
 
 
Dietary 
 
Categorical 
(51) 
 
 
carnivore, 
herbivore, omnivore 
 
 
Categorical  
(51) 
 
 
carnivore, 
herbivore, omnivore 
 
 
Activity cycle 
 
 
Behavioural 
 
Categorical 
(51) 
 
diurnal, nocturnal, day 
& night active 
 
 
Categorical  
(51) 
 
diurnal, nocturnal, day 
and night active 
 
 
Group size 
 
Behavioural 
 
Categorical 
(51) 
 
≤ 2 individuals, >2 
individuals 
 
 
Categorical  
(51) 
 
≤ 2 individuals, >2 
individuals 
 
 
Terrestriality 
 
Behavioural 
 
Categorical 
(51) 
 
terrestrial, arboreal, 
terrestrial & arboreal 
 
 
Categorical  
(51) 
 
terrestrial, arboreal, 
terrestrial and arboreal 
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Figure 3.1 Study site locations with respect to principal protected areas, agri-industrial 
land uses and Sumatran provincial borders. (a) Protected areas on Sumatra include 
IUCN categories Ia (Nature reserve), II (National Park), IV (Wildlife reserve) and VI 
(Protection forest); indicated in dark grey (data from the World Protected Area Database, 
available at www.unep-wcmc.org). Human altered landscapes dominated by estate 
crops, plantations and logging concessions are coloured light grey (data from World 
Forest Watch, available a www.globalforestwatch.org). The management areas surveyed 
are indicated in black. Note that the oil palm concession and selective logging concession 
share boundaries and as such appear as one area. (b) The individual management areas 
in detail, black points indicate survey cell centres (n = 131). Public roads (i.e. asphalt) 
and logging roads are also shown. 
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Figure 3.2 Classification tree analysis for the 51 species of mammal assigned to the 
regional species pool. Light grey species names indicate classification errors. The 
response variable was binary, with species detected at least once during field surveys of 
the human altered landscape overall (four management areas) assigned to the response 
class ‘persistent’, otherwise ‘non-persistent’.  
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Figure 3.3 Classification tree analysis for 27 mammal species detected in the overall 
human altered landscape (i.e. all four and management areas). Light grey species names 
indicate classification errors. These 27 species represent a local species pool from which 
the 14 species detected in the most profoundly altered landscapes were drawn. Species 
that were detected at least once in areas dominated by scrub/oil palm matrix were listed 
as ‘persistent’ while the remaining species were listed as ‘not persistent’ in the binary 
response variable. 
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4 Human Agents of Landscape Change 
 
4.1 Abstract 
 
Pervasive human populations can have significant effects on the integrity of rural 
landscapes. With increasing emphasis placed on the role of landscape-scale 
conservation strategies there is an urgent need to understand the extent of human 
influence in remnant wildlife habitats and the effects on the species they support. In this 
study, I have identified the types and relative intensities of human activity that occur 
across the south-central Sumatran landscape, particularly within the commercial forestry 
and small protected areas that support larger, threatened mammal species such as the 
Sumatran tiger (Panthera tigris sumatrae) and Malayan tapir (Tapirus indicus). Using a 
novel application of the ecological state variable proportion area occupied, I estimate that 
~80% of these individual management areas are subject to illegal logging and land tenure 
activities. In tests between species occurrence and measures of human disturbance, 
significant correlations were identified but species’ responses differed in keeping with 
their ecology. The continued degradation of forest habitats in this region threatens to 
undermine the conservation potential of both the protected areas and the human-altered 
landscape at large. 
4.2 Introduction 
 
Human impacts on tropical landscapes are widely summarized as rates of deforestation 
and landcover conversion. These profound changes, now largely at the hands of 
commercial enterprise, are readily monitored by satellites but these sensors rarely 
capture the more subtle effects of landcover degradation (Nepstad et al., 1999; Achard et 
al., 2002; Butler & Laurance, 2008). With respect to forests specifically, degradation has 
been defined as a process of ‘temporary or permanent deterioration in the density or 
structure of vegetation cover or its species composition’ (Grainger, 1993) and in many 
cases is directly associated with human disturbance (Lambin, 1999). Degradation can 
have profound effects on the integrity of native landcovers and associated biodiversity, 
and as such is an important consideration for conservation strategy (Phillips, 1997; Sodhi 
et al., 2009). 
 
Current thinking suggests that the future of tropical biodiversity conservation lies in the 
management of human–altered areas that provide support for otherwise isolated 
protected areas (Daily, 2001; Lindenmayer & Franklin, 2002; Gardner et al., 2009). This 
philosophy requires that human dominated landscapes provide requisite wildlife habitats 
amidst a largely tolerant human population. Research suggests that many components of 
biodiversity in fact persist in these landscapes and could be preserved under this 
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approach (Daily et al., 2003; Barlow et al., 2007). However, this does require that these 
resources are viable in the long-term and not therefore subject to significant deterioration. 
Given that human-dominated landscapes are generally complex matrices of different land 
uses and subject to ongoing development, these areas are highly susceptible to 
continuing degradation (Daily, 2001). In addition, since the efficacy of protected areas is 
inexorably linked to the matrix in which they are embedded (Ranganathan et al., 2008; 
Wittemyer et al., 2008), degradation at park margins and human colonization of the 
interior could seriously undermine these areas. 
 
While landcover degradation has clear implications for conservation strategy, there is 
also the complex issue of variation among taxa in response to these changes (Peh et al., 
2004; Barlow et al., 2007). Animals respond differently to gradients of habitat degradation 
and in some instances low levels of degradation may in fact benefit certain species, for 
example increased availability of browse in secondary forests can support higher 
densities of some forest ungulates (Fragoso, 1991). However, understanding the range of 
these responses necessitates concurrent data on species occurrence and human 
activities that drive degradation. 
 
In this study, I used detection/non-detection surveys and occupancy modeling techniques 
(MacKenzie et al., 2002; Tyre et al., 2003) to identify human drivers of landcover 
degradation and subsequent effects on species occurrence. The study system included 
large areas of plantation agriculture, industrial forestry and legally designated wildlife 
reserves (IUCN category IV protected areas). Having identified the types and prevalence 
of human activities across the landscape, I tested for species-specific responses to a 
gradient of human disturbance using occurrence data for Sumatran tigers (Panthera tigris 
sumatrae) and their principal ungulate prey base: wild boar (Sus scrofa), sambar (Cervus 
unicolor), red muntjac (Muntiacus muntjac) and tapir (Tapirus indicus). 
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4.3 Methods 
 
4.3.1 Study Sites 
 
Between March and September 2006 I conducted repeated detection/non-detection 
surveys across a network of 131 2 x 2-km sampling cells in south-central Sumatra (Figure 
4.1). Clusters of cells were drawn from four land management areas (latitude 1o 53´ to 2o 
35´S, longitude 103o 2´ to 104o 9´E), each subject to a varying amount of anthropogenic 
influence. Individual land management areas were: (i) Bentayan wildlife reserve (BWR, 
300-km2, 30 cells), a low-level protected area (IUCN category IV) subject to extensive 
human settlement and associated land cover conversion; (ii) a selective logging 
concession (SLC, 800-km2, 45 cells), subject to industrial legal logging and small-scale 
illegal logging; (iii) an oil palm concession (OPC, 270-km2, 28 cells), where an oil palm 
monoculture was managed amidst an adjacent matrix of scrub habitats that have been 
extensively colonised by pioneer land-settlers, and (iv) Dangku wildlife reserve (DWR, 
250-km2, 28 cells), a second low-level protected area (IUCN category IV) extensively 
populated by rural settlers with associated illegal logging and land cover conversion. 
 
4.3.2 Field methods 
 
Detection/non-detection field surveys were conducted to record signs of recent mammal 
presence (e.g. footprints) and concurrent human activities. Base camps were maintained 
within each management area for the ~25 days required to survey each site. From these 
camps, field teams systematically surveyed clusters of adjacent cells throughout the local 
cell network. Within each land management area, survey cells were drawn from a random 
sample from the overall area (OPC, DWR), sub-sections thereof (SLC) or a uniform grid 
initiated from a randomised start location (BWR). Minimum inter-cell distances varied 
among management areas (mean average distance between cell centres = 2.8-km, 
range 2 - 4-km). This approach to cell selection balanced the logistical constraints of cell 
accessibility, geographic coverage of the overall management area and the desire to 
generalise findings to the wider landscape. Overall, survey cells covered 29% of the total 
area (1620-km2) encompassed by the management areas. 
 
Five survey teams, each of two people, were established in March 2006. Teams were led 
by individuals of equal field experience and training. Each team operated independently 
within the survey cells and visited each cell only once. Four teams were active on any 
one day with teams rotating between proximate cells once three hours of active search 
effort had been completed. Teams travelled to and between cells by motorbike. Groups of 
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four neighbouring cells were surveyed on 3-4 sampling occasions (85% of cells = 4 
sampling occasions) over a two-day period; providing repeated independent samples. 
 
During each three-hour sampling occasion teams aimed to travel widely throughout the 
cell (mean average two-dimensional distance was 4.8km, derived from GPS odometers 
on sampling occasions with ~3hrs GPS coverage, n = 202) searching a representative 
sample of the available habitats and in turn maximising the probability of encountering 
mammal signs. Direct mammal signs were sightings or audio cues and indirect signs 
were predominantly footprints but included other indicators such as faeces where these 
could be assigned to a target species with confidence. Indicators of human activity, such 
as motorcycle tracks, fresh-sawn timber etc were recorded and allocated to one of six 
predefined human activity categories. Team leaders geo-referenced all direct and indirect 
signs using Garmin 60c global positioning systems (GPS) (Garmin International Inc., 
Olathe, KS) in universal transverse mercator (UTM) coordinates. Each team was 
equipped with footprint identification guides and followed rigorous species identification 
protocols to minimise the risk of false positive species’ detections through 
misidentification of direct or in-direct signs. 
 
4.3.3 Analyses 
 
In this study, I sought to identify the prevailing human activities across different land 
management areas and in turn test for correlations between measures of relative human 
disturbance and the occurrence of tigers and their prey species.  
 
Detection/non-detection data 
Field data were collected under an occupancy framework (MacKenzie et al., 2002) to 
estimate (i) the proportion of the sampled areas in which different human activities 
occurred (PAO) and (ii) the probabilities of species occurrence. Under this approach 
detection probabilities are derived from repeated sampling of survey cells. These are then 
incorporated into logistic regression analyses to provide unbiased estimates of 
probabilities of species occurrence. 
 
The parameter of interest measured under occupancy theory is the probability of 
occurrence in a sampling unit, ψ. Estimates of this probability are typically used in two 
ways. Firstly, this probability describes the fraction of the sampled area in which a 
species occurs. This is the ecological state variable, proportion area occupied (PAO). I 
used this technique to estimate the prevalence of different human activities within the 
sampled area. Secondly, the parameter ψ can be used to investigate patterns of species 
occurrence. 
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Detection/non-detection methods were intended to distinguish between two states of the 
sampling units – species present (occupied) and species absent (unoccupied) while 
accounting for detection errors (e.g., when the sampling units are smaller than the home 
range of a species). Where true and pseudo absences cannot be differentiated, estimates 
of occupancy (ψ) are more aptly interpreted as intensity of use. Since space use varies 
considerably with animal body size (Jetz et al., 2004) and life history, but our sampling 
scale remained constant, I interpret all results that relate to species occurrence in terms 
of the intensity of use. 
 
 
Detection histories 
To estimate probabilities of occurrence, detection histories were compiled for each cell 
and each sampling occasion in which a ‘1’ denoted detection and a ‘0’ denoted non-
detection of a given species or human activity. Cell specific detection histories were 
compiled for each species of mammal and for each of the six human activities. For 
simplicity, the following example refers only to the compilation and analysis of detection 
histories for individual human activities, but the process used for the five mammal species 
was identical.  
 
I assigned each record of human activity to one category, allowing 2 - 9 specific 
indicators per category (Table 4.1). Records of at least one direct or indirect sign in a 
given sampling occasion conferred detection of a given activity category. This is 
analogous to allowing multiple signs of species presence to confer detection in more 
traditional applications of this approach (e.g. Linkie et al., 2006). If this approach were 
adopted as part of a landscape monitoring programme, reducing the number of indicators 
assigned to a given category could make this technique more sensitive to changes in the 
prevalence of specific activities.  
 
Detection histories (h) were used to estimate detection probabilities specific to each 
human activity. For example, a detection history for site i (hi) of 1100 would represent 
detections of a particular activity on the first and second sampling occasions only and the 
probability of acquiring history hi would be calculated as, 
 
Pr(hi = 1100) = ψp1p2(1-p3)(1-p4) 
 
where pj is the probability of detecting the activity during sampling period j (=1,…,4) 
assuming that evidence of that activity was present. Detection histories for each category 
were analysed using logistic regression implemented in program MARK version 5.1 
(White & Burnham, 1999) to obtain unbiased estimates of the PAO by each human 
activity category. I used the constant model ψ(.)p(.) (MacKenzie et al., 2002) to provide a 
  69 
measure of the relative prevalence of each human activity across the landscape. The 
constant model assumes that detection probabilities (denoted p) and occurrence 
probabilities (denoted ψ) are constant across the sampling units i.e. survey cells.  
 
 
Species occurrence and covariates of human influence 
Detection histories for tigers and the prey species were compiled in the same way as 
described for the human activity categories. To test for the effects of human activities on 
the occurrence probabilities of these species, covariates were produced to summarise 
the relative intensity of human disturbances. 
 
Counts in each activity category were converted to a mean average per cell per sampling 
occasion. This standardised count provided the covariate “total”. This provided a broad 
description of overall human activity prevalence in each cell. I acknowledge that all of the 
variation in these counts cannot be attributed to underlying abundances without testing 
for a monotonic relationship between the two (e.g. Williams et al., 2002). However, in this 
context these counts should be sufficient to indicate relative abundance of human activity 
within mammal habitats. 
 
Next, these count data were reduced to a set of orthogonal standardized linear 
combinations using principal component analysis, specifically the function prcomp 
implemented in the statistical software package R (R Development Core Team, 2008). 
Input variable loadings were used to assess the relative influence (i.e. direction and 
magnitude) of each activity category on the principal components; providing biologically 
meaningful gradient of relative human influence across the study landscape.  
 
Finally, I used the single-season, single-species, occupancy model developed by 
MacKenzie et al. (2002) to estimate occupancy probabilities and test the additive and 
multiplicative effects of cell-specific covariates (i.e., ‘total’ and two principal components). 
The effect of these covariates on species occurrence probability was tested by setting the 
detection probability constant p(.) and modelling the occurrence probability as a linear 
function of these covariates e.g., ψ(total) or ψ(PC1*PC2). Comparisons between 
candidate models were based on the difference in Akaike information criterion values 
adjusted for small sample sizes (∆AICc), and their Akaike weights (wi) (Burnham & 
Anderson, 2002). In an effort to be conservative, the final model was chosen as the 
model with the least number of parameters within two AIC units (∆AICc) of the top ranked 
model. 
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4.4 Results 
 
In this study, I sought to identify the types and relative intensities of human activity that 
occur in a modern tropical landscape, and in turn examine the effects of these 
disturbances on probabilities of species occurrence. 
 
Prevalence of human activities 
Evidence of human activity was widespread (see Figure 4.2). Across the surveyed area 
(n = 131 cells), I recorded 3796 individual signs of human activity. Indicators of 
permanent landcover change - agricultural plots, land tenure - were least abundant, 
occurring in 59 and 56 of the 131 survey cells, ~0.45 of the sampled area (naïve PAO 
estimate). Semi-permanent structures and associated satellite activities – use of vehicles, 
people roaming and illegal logging – were significantly (p < 0.05) more widespread, 
occurring in 103, 96, 117 and 105 of the 131 survey cells respectively. Consistently, this 
equated to >70% of the sampled area subject to these human activities; naïve PAO 
estimates of 0.79, 0.73, 0.89 and 0.80 respectively. 
 
Within the individual study sites evidence of human traffic (people roaming on foot and 
travelling by motor vehicle) was estimated to occur in 90 – 100% of sampled areas (see 
Figure 4.3a and 4.3b). Illegal logging was also widespread and most prevalent in the 
commercial logging concession (95% of the sampled area) and the IUCN category IV 
protected areas (60% – 80% of Dangku and Bentayan wildlife reserves respectively). The 
high prevalence of structures within protected areas (80%) indicated that these sites were 
subject to extensive colonisation. Land tenure and agriculture were consistently the least 
prevalent of the six human activity categories considered (40-60% of sampled areas), 
with the highest levels recorded in the oil palm concession (Figure 4.3b). 
 
Relative Human Influence 
Individual human activity categories were highly correlated (p < 0.001), but principal 
component analysis produced two orthogonal measures of the relative human influence 
detected across the cell network. Combined, these principal components explained 
59.5% of total variance in the original counts of human activity (PC1 = 38.9%, PC2 = 
20.6% of total variance explained). Input variable loadings indicated that PC1 described a 
gradient of relative landscape development with many structures and high levels of 
human traffic, both in terms of people roaming on foot and using vehicles to travel. From 
here on I refer to this principle component as ‘Development’. In contrast, PC2 describes a 
transition from areas subject to illegal logging and land tenure towards the early stages of 
development (Table 4.2). This principle component I refer to as ‘Frontier’. It is noteworthy, 
that this principle component has strong negative loadings from the input variables illegal 
logging and land tenure. Consequently, when a species is negatively influenced by the 
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covariate ‘frontier’ (see Table 4.3), I conclude that the probability of occurrence is highest 
in areas subject to illegal logging and land tenure. 
 
Tiger occurrence probabilities and covariate effects 
Tigers were detected in 24 of 131 sampling cells (naïve occurrence probability, 0.18). 
Tiger occurrence probability was negatively influenced by the covariate total (β = -1.86; 
95% CI: -2.89, -0.84) and also development (i.e., PC1) (β= -0.94; 95% CI: -1.47, -0.40). 
However, these models (numbered 1.1 and 1.2 in Table 4.3) did not differ significantly 
(∆AICc <2), and I chose to focus further discussions on model ψ(Development)p(.) 
(model 1.2 in Table 4.3). Higher values of Development were associated with lower 
probabilities of tiger occurrence (Figure 4.3).  
 
Tigers were negatively associated with covariate Development and the simple count of 
human activities per sampling cell (covariate ‘total’). For this species, relatively few data 
were available to test for fine-scale effects of different human activities on occurrence. As 
such, I suggest that the most appropriate conclusion for this species in this context is that 
tigers occurred in the least developed areas subject to only low levels of human activity. 
 
Prey species occurrence probabilities and covariate effects 
Wild boar were detected in every survey cell (naïve occurrence probability, 1.00) making 
covariate effects on occurrence probabilities inestimable. However, this is compelling 
evidence in itself of this species insensitivity to human activities, at the very least in terms 
of presence/absence at a landscape scale.  
 
The occurrence probabilities of the three remaining species were negatively influenced by 
human activities; higher values of the significant covariates being associated with lower 
probabilities of species occurrence. The two cervids, muntjac and sambar, were detected 
in 88 and 107 of the cells (naïve occupancy estimates of 0.67 and 0.82 respectively). 
Among the candidate models, the most parsimonious model for each species contained 
the individual covariate Frontier (models 2.1 and 3.2 respectively in Table 4.3); 
occurrence probabilities of these species were negatively influenced by this covariate (β= 
-1.47; 95% CI: -2.32, -0.61 and β = -2.91; 95% CI: -4.20, -1.61 respectively) (Figure 4.3). 
This indicates that the highest probabilities of occurrence were in areas subject to illegal 
logging and land tenure.  
 
Tapir were detected in 68 of the sampling cells, providing a naïve occupancy estimate of 
0.52. Occurrence probabilities of this species were negatively influenced by Development 
and Frontier covariates (β = -0.65; 95% CI: -0.96, -0.35 and β = -1.15; 95% CI: -1.74, -
0.55 respectively) (Figure 4.3); the most parsimonious model included the additive effects 
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of these covariates (model 4.1 in Table 4.3). This indicates that tapir were more likely to 
occur in areas subject to logging and land tenure, but with the lowest levels of 
Development.  
 
4.5 Discussion 
 
In this study, I sought to identify the types and prevalence of human activities across 
different landuse types and their effects on species occurrence. Using a novel application 
of the ecological state variable proportion area occupied (MacKenzie et al., 2002) I found 
that destructive illegal activities such as logging and land tenure were extremely 
widespread in both commercial landuses and wildlife reserves alike. Secondly, significant 
correlations were found between species occurrence and measures of human 
disturbance. Tiger and tapir were found in areas subject to least human development, 
whereas sambar and muntjac were found in frontier areas. The high levels of destructive 
human activity raise concerns about the longterm viability of remnant forests and 
protected areas for conservation (Sodhi & Brook, 2008). 
 
It is important to note that the study design described here introduces pseudoreplication 
to the data because repeated samples were taken from groups of survey cells within 
individual land management areas. In light of this, care should be taken in considering the 
communities recorded in this work as representative of the communities in similar land 
uses in the wider landscape. However, the land uses sampled in this study represent a 
gradient of land use intensity similar to that found elsewhere in the region and so the data 
and analyses presented here should be interpreted with respect to this gradient. 
 
Drivers of Landcover Degradation  
Across the landscape overall, evidence of human activities was widespread. Of the six 
categories measured, illegal logging, people roaming, built structures and motor vehicles 
were extremely common (~80% of the area surveyed). Land tenure and smallholder 
agriculture were less prevalent, but still occurred in approximately 50% of the area 
surveyed.  
 
With respect to individual management areas, evidence of human traffic (people roaming 
on foot and travelling by motor vehicle) was extremely common. Although not directly 
associated with the degradation of wildlife habitats this result indicates the accessibility of 
these areas and the extent to which humans moved throughout the landscape. In 
contrast, illegal logging has clear potential to directly impact wildlife habitats and was also 
widespread. This activity was most prevalent in the commercial logging concession and 
both wildlife reserves. It represents degradation additional to legal, mechanised logging in 
the concession and encroachment into these protected areas. The consistently high 
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prevalence of structures indicates that these sites are also subject to extensive and 
permanent colonisation. The highest levels of land tenure and smallholder agriculture 
were recorded in the oil palm concession. This result reflects the colonisation of marginal 
scrub vegetation at the boundaries of a commercial land holding. The high levels of 
logging in this site were also predominantly associated with these marginal areas not 
under active management or producing oil palm crop.  
 
Although landcover degradation doesn’t always result in an outright loss of native 
vegetation (Phillips, 1997), in south-central Sumatra the trend is for pioneer activities in 
frontier areas to move progressively towards rural development. Specifically, individual 
huts built at the side of roads quickly coalesce into small communities with associated 
smallholder agriculture. This trend has arisen and persists because of weak land tenure 
laws (Sandker et al., 2007). This type of rural settlement is particularly common at the 
edges of commercial land uses e.g. industrial forestry and oil palm plantations (Maddox 
et al., 2007) and protected areas (Wittemyer et al., 2008). These rural communities are 
largely responsible for the human activities described here and subsequent degradation 
of wildlife habitats. 
 
Although protected areas are an invaluable resource in our efforts to conserve tropical 
biodiversity, these areas are not the inviolate refugia that their name suggests (Liu et al., 
2001; Curran et al., 2004; Wittemyer et al., 2008). In fact, the pattern of human activities 
detected in the protected areas (IUCN category IV) was consistent with that of the wider 
landscape. These particular reserves support high mammalian richness and the largest, 
most threatened mammals in the regional species pool - Asian elephant and Sumatran 
tiger (see Chapter 2). However, more than 80% of these two sites were subject to active 
illegal logging and pioneer land settlement. These activities degrade habitats and expose 
wildlife to human development and persecution (Phillips, 1997).  
 
These results have important implications for the application of conservation strategy. 
Current thinking suggests that the future of tropical biodiversity conservation lies in the 
management of human–altered areas in support of protected areas i.e. landscape-scale 
conservation (Daily, 2001; Lindenmayer & Franklin, 2002; Gardner et al., 2009). 
However, our results draw attention to the fact that at local scales the ongoing 
degradation of wildlife habitats threatens to undermine their capacity to function as 
meaningful refugia. Ultimately, the capacity to physically conserve taxa at landscape 
scales will be a function of the available habitats, the prevailing human activities and the 
ecology of the specific taxa concerned.  
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Mammalian Occurrence in Human-Dominated Landscapes 
The results presented here suggest that species-specific occurrence probabilities lie 
along a gradient of relative human activity. The gradient from early frontier activities - in 
which tigers and tapir exist - progresses to one of land degradation driven by illegal 
logging and tenure in which sambar and muntjac were detected. Finally, the most 
developed landscapes dominated by people are used by wild boar – a notoriously 
resilient species (Francis, 2008). 
 
Research suggests that the early stages of forest transformation (e.g. the frontier areas) 
could create favourable habitats for browsing herbivores (Eisenberg, 1980; Fragoso, 
1991). Sambar, red muntjac and tapir are known to occur in a variety of forest types, 
including logged forests (Heydon, 1994; Brooks et al., 1997; Davies et al., 2001; Holden 
et al., 2003) and to utilise areas disturbed by shifting agriculture (Geist, 1998). However, 
the pattern of co-occurrence between species and areas of frontier activity may in reality 
be driven more by people colonising these areas than these animals deriving benefits 
from the early stages of landcover change. In this context, the negative response of tapir 
to ‘development’ is not unexpected in light of this species reclusive nature (Nowak, 1999). 
Tigers are known to have very general habitat requirements but have previously been 
shown to occur in more remote areas, farther from public roads and associated human 
development (Linkie et al., 2006). In some respects, this conclusion is in contrast to the 
local pattern observed by Maddox et al. (2003) in which tigers were known to range 
throughout areas of scrub habitat directly adjacent to a developed and expanding oil palm 
plantation. However, these marginal scrub habitats were progressively colonised by 
illegal land settlers and the tigers were quickly extirpated due to loss of habitat, direct 
persecution, or more likely a combination of these factors (Maddox et al., 2007). Analyses 
conducted here also suggest that despite the presence of a large proportion of the tigers 
prey base in relatively disturbed habitats, tigers were not detected in all of these areas. 
This indicates that additional factors other than prey distribution influence the occurrence 
of tigers in these landscapes. Therefore, conservation planning should incorporate a 
range of potential determinants when trying to secure landscapes for large carnivores.   
 
In this paper I have restricted analyses to a single-season, single-species models 
developed by MacKenzie et al (2002), and specifically the constant model – ψ(.)p(.). 
However, it is noteworthy that this modelling framework was designed to accommodate 
covariates that are able to explain both probabilities of occurrence and of detection. In 
this context, covariates could be used to identify which geographic factors are associated 
with high probabilities of specific activities such as illegal land tenure. These models 
could ultimately be used to predict the areas most susceptible to particular anthropogenic 
threats. In addition, multi-season models (MacKenzie et al., 2003) could be used to 
monitor key sites over a number of years. Collectively, these analytical techniques could 
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prove very useful in our efforts to understand the role of humans in landcover degradation 
and species declines. 
 
These analyses demonstrate the pervasive nature of human activities in rural tropical 
landscapes. Destructive activities such as illegal logging and land tenure threaten to 
undermine the capacity for conservation in both individual protected areas and the wider 
landscape. The relocation of rural communities may be an option with which to secure 
some protected areas (e.g. Ghate, 2003; McLean & Straede, 2003) but this is irrelevant 
at larger scales and so alternative approaches are desperately required.  
 
In south-central Sumatra the trend is for early degradation (frontier) to shift towards 
development. Tests for species-specific responses indicate that the transition from 
frontier landscapes through to development change the capacity of the landscape to 
support different species. As lands become more developed, fewer opportunities exist for 
reclusive, forest-adapted species such as the tiger and tapir. Collecting concurrent 
human activity data from ground surveys allows us to identify the beginnings of landcover 
degradation. Intervention at this stage could prevent the progression of frontier 
landscapes into those of development. The window of opportunity for conservation is 
closing in south-central Sumatra; attention must be focussed on the management of rural 
human populations if wildlife habitats are to remain.  
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4.6 Tables and Figures 
 
Table 4.1 Human activity categories with details of specific contributory indicators (signs) 
and a general description. 
 
 
 
Human Activity 
Categories 
 
 
Specific Indicators 
 
Description/Example 
 
Structures 
 
Sightings of encampments, 
huts, bivouacs 
 
Point sources of disturbance with radiating influence 
from associated people. Often pre-cursors to land 
settlement 
 
 
Motor vehicles 
 
Sightings, sounds and 
tracks from motorcycles, 
4x4s and trucks 
 
Regular linear disturbance. Typically motorbikes 
commuting between local towns and 
representatives of the Structures category (above) 
 
 
Uncontrolled logging 
 
Sawn timber, felled trees, 
timber extraction rails, 
temporary sawmills, 
chainsaws seen/heard  
 
 
Aggregated, shifting, point disturbance with 
radiating effect from associated people. Camps of 
2-4 structures occupied by 5-10 people for ~1 
month 
 
Land tenure 
 
Land-claim demarcation, 
active “Slash and burn” 
 
Permanent landcover conversion creating 'gaps' in 
the landscape, typically 1 - 3 ha. Often associated 
with pioneer land settlement 
 
 
Small-holder agriculture 
 
Rubber tapping, rice fields, 
oil palm, vegetable plots 
 
Conversion of forest habitats to non-native 
vegetation and small-scale monocultures. Typically 
subsistence agricultural plots such as rice fields or 
oil palm of (~1-2ha) 
 
 
People roaming 
 
Sightings, sounds and 
footprints of people or 
recently cut trails 
 
Transient, linear disturbance, highly pervasive, 
additive effect with increasing numbers of people. 
Often represented by rural settlers searching for 
forest resources 
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Table 4.2 Principal component loadings and the directions of influence (positive/negative) 
from six human activity categories compiled from landscape surveys. The principal 
components explained 59.5% of the total variance in the underlying count data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Human Activity Category 
 
 
PC1 
‘Development’ 
 
PC2 
‘Frontier’ 
 
Semi-Permanent Structures 
 
 
0.395 
 
 
0.140 
 
 
Motor Vehicles 
 
0.494 
 
0.311 
 
 
Illegal Logging 
 
0.179 
 
 
-0.746 
 
 
Land Tenure 
 
 
0.349 
 
 
-0.530 
 
 
Agricultural Plots  
 
0.359 
 
0.206 
 
 
People Roaming 
 
 
0.564 
 
 
0.063 
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Table 4.3 Summary of model selection and parameter estimates (with standard errors in 
parentheses) for tigers and four principal prey species. Symbol ψ, is the probability that a 
cell is occupied by the species of interest and p is the probability of detecting the species 
in the jth survey where ψ(.)p(.) assumes that species presence and detection probability 
are constant across time and sampling cells. Total denotes the covariate derived from a 
standardised total count of human activity signs per sampling occasion, Development and 
Frontier denote the covariates derived from the first and second principal components of 
the human activity dataframe respectively. A plus sign (+) denotes additive effects, 
whereas an asterisk (*) denotes multiplicative effects between the covariates.  No. Par. is 
number of parameters in the model, ∆AICc is the difference in AIC values between each 
model with the low-AIC value correction, wi is the AIC model weight. Note that 
occurrence models fit to the wild boar detection history do not extend beyond the 
constant model because this species was detected in every cell on virtually every 
sampling occasion, so covariate effects are inestimable. The most parsimonious models 
for each species are indicated in bold text. Where relevant, the slope parameters for the 
covariate effects on ψ are also given. 
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Figure 4.1 Study site locations with respect to principal protected areas, agri-industrial 
land uses and Sumatran provincial borders. (a) Protected areas on Sumatra include 
IUCN categories Ia (Nature reserve), II (National Park), IV (Wildlife reserve) and VI 
(Protection forest); indicated in dark grey (data from the World Protected Area Database, 
available at www.unep-wcmc.org). Human altered landscapes dominated by estate 
crops, plantations and logging concessions are coloured light grey (data from World 
Forest Watch, available a www.globalforestwatch.org). The management areas surveyed 
are indicated in black. Note that the oil palm concession and selective logging concession 
share boundaries and as such appear as one area. (b) The individual management areas 
in detail, black points indicate survey cell centres (n = 131). Public roads (i.e. asphalt) 
and logging roads are also shown. 
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Figure 4.2 Proportion Area Occupied (PAO) by each of six human activity categories 
throughout the sampled area (N = 131 survey cells). Grey bars indicate naïve occupancy 
estimates (the number of cells in which each activity category was detected at least 
once), horizontal black bars indicate estimates of PAO of specific human activity 
categories derived from the constant model - ψ(.)p(.) - (MacKenzie et al. 2002) and 
vertical black bars represent 95% confidence intervals surrounding the point estimates. 
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Figure 4.3a Prevalence of human activities in Bentayan wildlife reserve (upper panel) 
and Dangku wildlife reserve (lower panel). Solid bars indicate naïve proportions of the 
sampled area, points represent estimates from the constant model ψ(.)p(.) and vertical 
bars indicate 95%confidence intervals. Confidence intervals are absent where estimates 
equal 1.00. 
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Figure 4.3b Prevalence of human activities in the selective logging concession (upper 
panel) and the oil palm concession (lower panel). The estimates from the oil palm 
concession include the areas of marginal scrub habitats and rural settlement (i.e. 
OPC_S). Solid bars indicate naïve proportions of the sampled area, points represent 
estimates from the constant model ψ(.)p(.) and vertical bars indicate 95%confidence 
intervals. Confidence intervals are absent where estimates equal 1.00. 
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Figure 4.4 Slope parameter estimates for the effect of individual covariates on 
occurrence probabilities (with associated 95% confidence intervals) for tigers and three 
principal prey species: red muntjac, sambar and Malayan tapir. Statistically significant (p 
< 0.05), negative responses to a given covariate occur where 95% confidence intervals 
lie entirely below zero. 
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Chapter 5 
 
 
 
 
 
 
 
 
 
 
Prospects for Tiger Conservation in Human-Altered 
Tropical Landscapes  
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5 Prospects for Tiger Conservation in Human-Altered Tropical 
Landscapes 
 
5.1 Abstract 
 
The conservation of tigers requires the management of human-altered landscapes. To 
better understand the distribution of tigers and their prey in these areas I developed an a 
priori concept of how landscape traits might influence the distribution of these species in 
south-central Sumatra. Specifically, I tested whether an aversion to profound land cover 
change or connectivity to less disturbed forest best explained patterns of species 
occurrence. Tiger distribution was significantly influenced by profound landcover change. 
Sambar were widespread and essentially unaffected by the covariates considered. 
However, connectivity to patches of least disturbed forest was important for reclusive 
ungulates such as tapir and muntjac. Severe landcover change has the potential to 
influence the distribution of tigers within the matrix and the degradation of remnant forests 
could impact prey species. The continuation of this process could undermine the capacity 
of these landscapes to provide refugia and connectivity for this assemblage and other 
large mammals. 
 
5.2 Introduction 
 
Habitat loss and fragmentation are considered the greatest threats to terrestrial 
biodiversity (Sala et al., 2000). The collective effects of these processes are often 
described using quantitative summaries of community level change such as species 
richness, community structure or composition (e.g. Barlow et al., 2007). However, since 
different components of biodiversity exhibit different responses to these processes, there 
is also a need to understand species-specific responses to landscape change (sensu 
Gardner et al., 2009) and the implications this has for the long-term viability of particular 
populations. Tigers (Panthera tigris) represent one of the greatest challenges to 
conservation because of the space they require, their value as a saleable commodity and 
their tendency toward conflict with humans (Sunquist & Sunquist, 2002). Furthermore, as 
a forest adapted, wide-ranging species, tigers are particularly susceptible to the 
deleterious effects of habitat loss and fragmentation. Nonetheless, as arguably the 
ultimate flagship species, tigers are the subject of intensive conservation measures 
throughout their remaining range (Sanderson et al., 2006). 
 
(BWR) 
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Recent research to identify where wild tigers can persist in the long term has focussed on 
mapping suitable forest cover at large landscape scales (Wikramanayake et al., 1998; 
Dinerstein et al., 2007). The extensive Tiger Conservation Landscapes (TCLs) that result 
are designed to harbour self-sustaining populations of tigers and prey indefinitely. Many 
TCLs include sizeable protected areas, but evidence suggests that even when these are 
high profile national parks (IUCN category II) they are not the inviolate refugia their 
names suggest (Liu et al., 2001; Wittemyer et al., 2008; Gaveau et al., 2009). As such, 
TCLs will inevitably be subject to some anthropogenic landscape change and 
degradation. Recent research has highlighted the importance of the surrounding matrix 
on the viability of tiger populations in reserves (Ranganathan et al., 2008), but little is 
known about the determinants of tiger occurrence outside of protected areas (see 
Maddox et al., 2007; Linkie et al., 2008). 
  
On the Indonesian island of Sumatra, the majority of tigers are likely to persist in large 
blocks of forest (Wikramanayake et al., 1998), but the intervening landscape is generally 
far less suitable as it is increasingly human-dominated and at lower elevations is subject 
to prolific agricultural expansion – notably at the hands of the burgeoning oil palm 
industry (Kinnaird et al., 2003). Excluding other risk factors (e.g. poaching, disease), the 
longterm viability of remnant tiger populations, and the populations of prey on which they 
rely will ultimately be dependent upon the connections within and between TCLs 
(Wikramanayake et al., 2004). This will inevitably require that species are able to persist 
in, or at very least pass-through, the intervening human dominated matrix. 
 
Previous research on Sumatran tiger occurrence has largely been restricted to the west 
of the island, in Kerinci Seblat National Park (Linkie et al., 2006), its immediate 
surroundings (Linkie et al., 2008) and also Bukit Barisan Selatan National Park (O'Brien 
et al., 2003). These sites are essentially composed of contiguous forest habitats, often in 
rugged and mountainous terrain with human disturbances largely confined to adjacent 
lowland areas. Analyses by Linkie et al. (2006) modelled occurrence probabilities as 
functions of landscape covariates and described prevailing environmental characteristics 
and geographic proxies of human disturbance (e.g. distance to public roads, settlements 
etc). Key findings from this work include the negative relationship between tiger 
occurrence and the distribution of public roads.  
 
In the study system described here, contiguous tropical forest has been fragmented, 
converted and degraded by human activities. To better understand the implications for 
large mammals I used extensive detection/non-detection surveys (MacKenzie et al., 
2002) to identify patterns of habitat use by Sumatran tigers (Panthera tigris sumatrae) 
and their principal ungulate prey species: sambar (Rusa unicolor), red muntjac 
(Muntiacus muntjac) and Malayan tapir (Tapirus indicus). I hypothesised that the degree 
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of relative landscape alteration would distinguish between areas where these species do 
and do not occur. I used satellite imagery to derive measures of landscape quality at two 
spatial scales. Specifically these were (i) local levels of land clearance and sparse native 
vegetation, and (ii) landscape-connectivity to areas of least disturbed forest. Essentially, 
this study seeks to understand how the extremes of anthropogenic landscape change 
affect the distribution of tigers and prey at wider-landscape scales. 
 
 
5.3 Method 
5.3.1 Study Sites 
 
Between March and September 2006 I conducted repeated detection/non-detection 
surveys across a network of 131 2 x 2-km sampling cells in south-central Sumatra (Figure 
4.1). Clusters of cells were drawn from four land management areas (latitude 1o 53´ to 2o 
35´S, longitude 103o 2´ to 104o 9´E), each subject to a varying amount of anthropogenic 
influence. Individual land management areas were: (i) Bentayan wildlife reserve (BWR, 
300-km2, 30 cells), a low-level protected area (IUCN category IV) subject to extensive 
human settlement and associated land cover conversion; (ii) a selective logging 
concession (SLC, 800-km2, 45 cells), subject to industrial legal logging and small-scale 
illegal logging; (iii) an oil palm concession (OPC, 270-km2, 28 cells), where an oil palm 
monoculture was managed amidst an adjacent matrix of scrub habitats that have been 
extensively colonised by pioneer land-settlers, and (iv) Dangku wildlife reserve (DWR, 
250-km2, 28 cells), a second low-level protected area (IUCN category IV) extensively 
populated by rural settlers with associated illegal logging and land cover conversion. 
 
5.3.2 Field Methods 
 
Detection/non-detection field surveys were conducted to record signs of recent mammal 
presence (e.g. footprints) and concurrent human activities. Base camps were maintained 
within each management area for the ~25 days required to survey each site. From these 
camps, field teams systematically surveyed clusters of adjacent cells throughout the local 
cell network. Within each land management area, survey cells were drawn from a random 
sample from the overall area (OPC, DWR), sub-sections thereof (SLC) or a uniform grid 
initiated from a randomised start location (BWR). Minimum inter-cell distances varied 
among management areas (mean average distance between cell centres = 2.8-km, 
range 2 - 4-km). This approach to cell selection balanced the logistical constraints of cell 
accessibility, geographic coverage of the overall management area and the desire to 
generalise findings to the wider landscape. Overall, survey cells covered 29% of the total 
area (1620-km2) encompassed by the management areas. 
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Five survey teams, each of two people, were established in March 2006. Teams were led 
by individuals of equal field experience and training. Each team operated independently 
within the survey cells and visited each cell only once. Four teams were active on any 
one day with teams rotating between proximate cells once three hours of active search 
effort had been completed. Teams travelled to and between cells by motorbike. Groups of 
four neighbouring cells were surveyed on 3-4 sampling occasions (85% of cells = 4 
sampling occasions) over a two-day period; providing repeated independent samples. 
 
During each three-hour sampling occasion teams aimed to travel widely throughout the 
cell (mean average two-dimensional distance was 4.8km, derived from GPS odometers 
on sampling occasions with ~3hrs GPS coverage, n = 202) searching a representative 
sample of the available habitats and in turn maximising the probability of encountering 
mammal signs. Direct mammal signs were sightings or audio cues and indirect signs 
were predominantly footprints but included other indicators such as faeces where these 
could be assigned to a target species with confidence. Indicators of human activity, such 
as motorcycle tracks, fresh-sawn timber etc were recorded and allocated to one of six 
predefined human activity categories. Since search effort was directed primarily toward 
detecting mammals, the prevalence of human activity signs recorded per cell reflects the 
level of human activity that occurred within areas used by mammals. Team leaders geo-
referenced all direct and indirect signs using Garmin 60c global positioning systems 
(GPS) (Garmin International Inc., Olathe, KS) in universal transverse mercator (UTM) 
coordinates. Each team was equipped with footprint identification guides and followed 
rigorous species identification protocols to minimise the risk of false positive species’ 
detections through misidentification of direct or in-direct signs. 
 
Vegetation assessments were conducted adjacent to wildlife detections in each cell. 
Survey teams recorded broad habitat descriptions and structural vegetation assessments 
based on a simple version of the Landcover Classification System (LCCS) (Di Gregario & 
Jansen, 2000) using an ordinal scale in 10m radius plots. These landcover reference 
points were used to identify areas of least degraded forest and areas corresponding to 
most sparse native vegetation in subsequent satellite imagery analyses. 
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5.3.3 Analyses  
 
To understand the distribution of tigers and their prey I developed a conceptual model 
that describes the probability of species occurrence with respect to habitat connectivity 
and local levels of degradation. I derived estimates of connectivity based on a dispersal 
kernel tailored for the tiger (Moilanen, 2004). I used satellite imagery to derive two 
measures of landscape quality; (i) local levels of land clearance and sparse native 
vegetation, and (ii) relative connectivity to areas of least disturbed forest. Essentially, 
these tests identify whether an aversion to profound local degradation or connectivity to 
least disturbed areas of forest is the best fit to empirical occurrence data. 
 
Local habitat quality 
For large bodied, secretive species adapted to dense cover, areas of sparse vegetation 
are likely to reduce the probability of species occurrence. To test this hypothesis, field 
data on the location and condition of vegetation were collected during extensive 
detection/non-detection surveys. These geo-referenced vegetation assessments and 
accompanying photographs were used to identify the extremes of relative landscape 
alteration throughout the sampled area. Highly altered areas can be summarized as: 
degraded natural vegetation (typically sparse trees or shrubs), newly planted crops (e.g. 
oil palm), and areas of active slash-and-burn. 
 
Areas of closed canopy forest remain in discrete patches throughout the landscape. The 
largest of these patches remain in the selective logging concession and Dangku wildlife 
reserve (see Figure 5.1). These areas are the closest approximation to intact forest that 
remain in this landscape. They are subject to the lowest levels of human alteration by 
virtue of their relative inaccessibility. I hypothesized that these areas might represent 
refugia for many of the forest-adapted species in the landscape. As such, the occurrence 
of tiger and prey species may be a function of the connectivity to these areas. These 
areas of forest were clearly identifiable from false-colour, Landsat satellite images (see 
Spatial Data). Point locations of closed and open canopy forest recorded during 
detection/non-detection surveys were used to refine the colour pixel threshold values for 
this landcover class. 
 
Spatial data 
Four satellite images, acquired by the Landsat Enhanced Thematic Mapper Plus Sensor 
(ETM+) between September 2006 and October 2007 (paths: 124,125; rows: 61,62) were 
sourced from the Global Land Cover Facility (accessed via: https://wwwlandcover.org). 
The images were affected by clouds and also regular lines of missing data caused by the 
failure of this instrument’s scan line detector (SLC) in 2003. To mitigate the effects of 
these missing data, 13 additional ETM+ images, acquired between March 2005 and 
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October 2007, were used to produce a series of binary masks that ‘gap-filled’ areas of 
missing data in the main images. Specifically, binary masks were produced from bands 
TM1 (wavelength: 0.45-0.52 µm, spectral band: blue), TM4 (0.76-0.90 µm, spectral band: 
near infrared), and TM5 (1.55-1.75 µm, spectral band: mid infrared) to identify clouds, 
cloud shadows and lines of missing data respectively. These masks were combined and 
used to filter band TM5 from each of four main images. This produced a series of images 
composed of TM5 pixel values and ‘No Data’. Variation in reflectance between the 
images was corrected using mean average differences in reflectance from regular point 
layers of ≥500 sampling locations. Final images were produced from combinations of 
TM5 masks, weighted to indicate their relative contributions to each of the main images. 
These were combined in one mosaic covering ~160,000 km2.  
 
Connectivity 
Within the context of this study, connectivity (or its inverse, isolation) refers to the relative 
accessibility of a given patch to the least disturbed forest patches embedded in the wider 
landscape. To model the effect of connectivity on species occurrence probabilities, I 
adapted a method from the patch-occupancy literature that weights measures of 
connectivity with the species’ dispersal ability (Moilanen, 2004). To reflect differences in 
species space use, I developed an equivalent ‘range kernel’ based on the radius of a 
home range: 
   
  (1.1) 
 
 
where, dij is the distance between survey cells i and j, and parameter α defines the 
distribution of local ranging distances for a given species (1/α is the average ranging 
distance).  
 
In the absence of robust home range estimates for our four focal species, I employed an 
established scaling rule that describes the relationship between body size and animal 
space use. Specifically, I used the scaling exponents and slopes from log-log plots of 
area as a linear function of mass produced by Jetz et al. (2004) to estimate home range 
sizes for tigers and the three principal prey species considered here: 
 
Y = (H.M)m  
 
Where Y is the estimated home range area (km2), H is the observed scaling relationship 
per individual area use, M is the mean average adult body mass (kg) and m the 
calculated scaling exponent (slope). The radius of these home range estimates was used 
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to approximate the distances over which each species would be expected to range (Table 
5.1). 
 
I used this measure to estimate the relative connectivity between each survey cell and 
the areas of least disturbed forest in the surrounding landscape (Moilanen & Nieminen, 
2002): 
 
 
  (1.2) 
 
 
Where Si denotes relative connectivity, exp(–αdij) the range kernel and Aj the area of 
patch j. 
 
 
Covariate modelling 
Occupancy methods were designed to distinguish between two states of the sampling 
units – species present (occupied) and species absent (unoccupied). However, pseudo-
absences can arise where sampling units are smaller than the areas occupied by a target 
species e.g. the home range. Signs of species presence will not be available for detection 
where a sampling unit lies within a home range but this unit has not been visited by the 
target species. Where true and pseudo absences cannot be differentiated, estimates of 
occupancy (ψ) are more aptly interpreted as usage. Since space use varies considerably 
with animal body size (Jetz et al., 2004) but our sampling scale remained constant, I 
interpret all results that relate to species occurrence in terms of the intensity of habitat 
use. 
 
I used the single-species, single-season occupancy model developed by MacKenzie et 
al. (2002). Essentially this model represents generalised linear regression analyses that 
accommodate detection probabilities <1. In the null model there are two parameters, ψ 
(the probability of species occurrence) and p (the probability of detecting a species when 
it is present). To identify factors that influence these probabilities, measured covariates 
can be fitted using an appropriate link function e.g. the logit link. In this study I fitted two 
covariates to the probability of species occurrence: (i) connectivity to areas of least 
disturbed forest >1km2, and (ii) the area of sparse landcover within sampling cells. In 
addition, I tested two potential sources of variation in detection probability: (i) the local 
prevalence of soil roads and (ii) differences in survey team performance between 
sampling occasions. In many instances the soft substrate associated with soil roads 
provided the best medium with which to detect species footprints (Plate 5.1). I used the 
Zonal statistics tool in ArcGIS 9.2 (ESRI Inc., Redlands, CA) to estimate the distance 
 
Si = exp(!"dij# )Aj
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from 400 points within each survey cell to the adjacent soil roads. I used the mean 
average of these distances as a covariate for each survey cell. I compared the detection 
probabilities from different sampling occasions to test for differences in team leader 
ability. 
 
Maximum likelihood estimates for the parameters ψ and p and associated covariates 
effects were derived using Program MARK version 5.1 (White & Burnham, 1999). 
Comparisons between candidate models were based on the differences between Akaike 
information criterion values, adjusted for small sample sizes (∆AICc), and their Akaike 
weights (wi) (Burnham & Anderson, 2002). The model that was within two AIC units 
(∆AICc) of the top ranked model and that had the least number of parameters was 
considered the most parsimonious and final model. 
 
 
 
5.4 Results 
 
Detection probability 
The probability of detecting secondary signs of recent tiger activity (e.g. footprints) were 
high in the landscape overall, with a mean average estimate from the constant model, 
ψ(.)p(.), of 0.72 (95% CI: 0.62, 0.81). The probability of detecting these signs was 
significantly (p <0.05), negatively influenced by the covariate soil roads, (β = -4.349; 95% 
CI: -7.852, -0.846), indicating that p declines in areas with fewer soil roads and trails. 
 
Mean average detection probabilities for the three prey species were 0.60 (95% CI: 0.53, 
0.66) for tapir, 0.62 (95% CI: 0.57, 0.67) for sambar and 0.49 (95% CI: 0.43, 0.55) for 
muntjac based on estimates derived from the constant model. Similarly to tiger, the 
probability of detecting signs of tapir was significantly negatively influenced by this 
covariate (β = -1.680; 95% CI: -2.948, -0.413). The probabilities of detecting sambar and 
muntjac were not affected significantly by the prevalence of soil roads within sampling 
cells (β = 0.518; 95% CI: -0.247, 1.283 and β = -0.607; 95% CI: -1.564, 0.349 
respectively).  
 
When considered as an individual effect, the covariate soil roads had a significant effect 
on both tiger and tapir detection probabilities. Models testing for significant differences in 
detection probability between sampling occasions – ψ(.)p(time) – were not significant for 
any of the species; ranked >2 ∆AICc below the constant model and containing three 
additional parameters. This indicates that detection probabilities remained consistent 
between successive sampling occasions and the different team leaders that these 
involved. 
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Occurrence probability 
Tigers were detected in 24 of 131 sampling cells (naïve occurrence probability, 0.18). Of 
the two covariates considered, the extent of sparse land cover within each sampling cell 
received the most support (within 37.56 AICc of the constant model, see Table 5.2) and 
had a significant, negative effect on tiger occurrence probability (β = -6.969; 95% CI: -
10.858, -3.081). Probabilities of tiger occurrence declined steeply in cells that contained 5 
- 30% of sparse vegetation and were negligible (i.e. <0.1) where cells contained >30% of 
this profound landcover change (Figure 5.2a). Models containing covariates for 
connectivity to areas of least disturbed forest (connectivity to forest >1km2) received little 
support and were within 2 AICc of the constant model, ψ(.)p(.). 
 
Sambar deer were the most widely distributed prey species, detected in 107 of the 131 
survey cells (naïve occupancy of 0.82). Muntjac and tapir were detected in 88 and 68 of 
the 131 survey cells, or naïve occupancy of 0.67 and 0.52 respectively. Of the principal 
prey species, tapir and muntjac were significantly, positively influenced by the covariate 
connectivity to forest >1km2, see Table 5.2 and Figures 5.2a and 5.2b. For both species, 
the most parsimonious model contained only the connectivity covariate (tapir: β = 0.005; 
95% CI: 0.001, 0.009; muntjac: β = 0.004; 95% CI: 0.0004, 0.0084), and were ranked 
(respectively) 42.69 and 15.51 ∆AICc above the alternative constant models. For sambar, 
the covariate connectivity to forest >1km2 was also the most parsimonious (∆AICc 
30.192), but the positive effect of this covariate was barely significant (β = 0.161; 95% CI: 
-0.056, 0.377), see Figure 5.2b. 
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5.5 Discussion 
 
Evidence suggests that the future of tropical biodiversity conservation lies in the 
management of human–altered landscapes (Daily, 2001; Lindenmayer & Franklin, 2002; 
Gardner et al., 2009). Reconciling this philosophy amidst an expanding human population 
poses a number of formidable challenges, not least the need to understand how human 
activities influence specific components of biodiversity (e.g. Andren, 1997; With & Crist, 
1995). In this study I developed an a priori concept of how the distribution of large 
mammals might be influenced by landscape traits in this highly altered matrix. This 
research sought to resolve the importance of species mobility (described by a range 
kernel) and habitat selection (local prevalence of sparse vegetation) on patterns of 
species occurrence. I found that connectivity to patches of undisturbed forest was 
significant for Malayan tapir and red muntjac occurrence, but that tiger were more 
strongly influenced by the level of sparse vegetation. Sambar were widespread and not 
significantly affected by the covariates considered. 
 
Tigers were detected in discrete regions of the logging concession and Dangku wildlife 
reserve with a limited overall distribution (naïve occupancy 0.18) and were less likely to 
occur in areas dominated by sparse vegetation. As a reclusive, cryptic species an 
important requirement of tiger habitat is available cover from vegetation or terrain 
(Sunquist & Sunquist, 2002). This structural requirement of their immediate surroundings 
makes areas of sparse landcover a potential barrier to movement. Sparse ground level 
cover is a key feature of oil palm crop and is believed to be one of the principal reasons 
why tigers have not been detected within the crop itself despite making use of adjacent 
scrub and degraded forest areas (Maddox et al., 2007). Where tigers were found to 
occur, the prevalence of soil roads had a significant positive effect on the probability of 
detection. This effect was expected a priori as field observations suggest that these roads 
provided useful highways for many species and were of a consistent soft substrate ideal 
for leaving footprints. This observation is akin the use of pre-existing animal trails and 
mountain ridges observed in the mountainous habitat of south-west Sumatra (O'Brien et 
al., 2003). 
 
Connectivity to areas of least disturbed forest was not important for tigers and there are 
four possible explanations for this. First, given their large home ranges they are 
sufficiently mobile that they are relatively insensitive to the distribution of least disturbed 
forest and able to move between these areas as part of their normal ranging patterns. 
Therefore, they are inherently more connected to undisturbed forest by virtue of their 
mobility. Second, tigers’ habitat requirements may be too broad for their occurrence to be 
solely dependent on patches of undisturbed forest (e.g. Sunquist & Sunquist, 2002). 
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Third, the scale of sampling was relatively small compared to the distances over which 
tigers can travel, and as such it could be difficult to resolve the true importance of 
connectivity for tigers in our sampled area (see Moilanen, 2004). Sampling over a larger 
spatial scale coupled with alternative classifications of forest quality might allow us to 
better resolve the importance of connectivity and landcover type. Finally, although 
species were widespread in the sampled landscape, the surveys did not estimate their 
abundance. Prey abundance is recognised as one of the principle determinants of tiger 
distribution and without a measure of prey abundance it is not possible to understand the 
capacity of this landscape to support a tiger population long-term (Karanth et al., 2004).  
 
For the prey species the amount of sparse vegetation does not appear to affect 
occurrence probability. Despite similarities in ranging patterns, tapir and sambar differed 
in their distribution throughout the landscape, tapir occurring in a smaller proportion of the 
sampled area (60%). Tapir were also found to walk along soil roads (Holden et al., 2003), 
and the prevalence of these roads had a significant positive effect on their detection 
probability. For the other prey species, soil roads were unimportant. For tapir and 
muntjac, the higher the level of connectivity, the higher the probability of their occurrence. 
In contrast, sambar occurrence was not significantly influenced by either connectivity or 
local levels of degradation. They were widely distributed throughout the cell network 
(naïve ψ 0.82), which suggests that they have wide habitat requirements (Schaller, 1967).  
 
Whilst levels of sparse vegetation are an important factor for tigers, it was not an effective 
explanation for patterns of ungulate occurrence. Forest ungulates are known to occur in a 
variety of landcovers (Brooks et al., 1997; Davies et al., 2001; Heydon, 1994; Holden et 
al., 2003). Sambar are known to have very broad dietary requirements and utilise 
agricultural areas close to human habitation (Francis, 2008; Geist, 1998; Schaller, 1967). 
This may in part explain their wide distribution in the landscape described here. Although 
sambar and tapir have qualitatively similar habitat and dietary requirements, tapir may be 
less tolerant of these areas and are thus allied to areas of less disturbed forest. Results 
suggest that red muntjac are more allied to areas of undisturbed forest in this landscape 
than the other cervid, sambar. As such, this species shares the significant positive 
association with undisturbed forest detected for tapir. 
 
Where can tigers persist in current human altered landscapes? Conservation biologists 
approach the conservation of large wide-ranging species from the perspective of 
metapopulation management (Linkie et al., 2006). The implementation of these 
approaches for tigers require that we work extensively within the human-altered matrix. 
Results presented here suggest that within this matrix it is important to minimise the 
areas of sparse vegetation as these have been shown to negatively impact their 
probability of occurrence. Since these areas are often a by-product of both industrial 
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scale development and the activities of rural communities, it is difficult to foresee how this 
can be prevented.  
 
Furthermore, for certain species it has been suggested that patch quality may be a more 
important predictor of occupancy than connectivity (Fleishman et al., 2002). The satellite 
imagery suggested three broad classes of landcover in this landscape: closed canopy 
forests, sparse vegetation and an intervening matrix of highly heterogeneous vegetation. 
The covariates used here essentially modeled the two extremes, but for a habitat 
generalist such as the tiger, the intervening matrix would likely also be suitable habitat 
under many circumstances (Ricketts, 2001). An understanding of patch quality is not 
limited to habitat type (Prugh et al., 2008) but incorporates the availability of other 
resources such as prey, and to threats such as persecution by people or landscape 
development. As such the connectivity measure described here may underestimate the 
true area of suitable habitat patches available in the landscape. However, in this 
landscape the remnant forest and other areas of native vegetation are under 
considerable pressure from the rural population and are therefore likely to decline (see 
Chapter 4). This would undermine the potential of these areas to support both tigers and 
many other species. 
 
Whilst connectivity to areas of least disturbed forest was not a good predictor of tiger 
occurrence at the local scales studied here, at larger spatial scales habitat connectivity is 
known to be an important factor affecting metapopulation dynamics ( Wiens, 1996; Linkie 
et al., 2006). On a landscape scale, the Sumatran TCLs are likely to hold the larger 
source populations, and the human-altered matrix the smaller sink populations 
(Wikramanayake et al., 2004). A wider appreciation of the ecological value of human 
altered landscapes will be key to their inclusion in wider-scale, practical conservation 
measures for tigers and many other species. 
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5.6 Tables and Figures 
 
 
Table 5.1 Estimated range kernels for tiger and three principal prey species. 
 
 
Trophic 
group 
Species Mean 
average 
body mass 
(M)* (kg) 
Scaling 
relationship per 
individual area 
use (H)** 
Scaling 
exponent 
(m)** 
Home 
range size 
(km2) 
Home range 
radius (km): α  
Mean 
average 
movement 
(1/α) 
        
Herbivore tapir 311 2.06 1.02 7.20 1.5 0.67 
Herbivore sambar 177 2.06 1.02 4.00 1.1 0.91 
Herbivore muntjac 18 2.06 1.02 0.40 0.3 3.33 
Carnivore tiger 162 52.07 1.2 233.30 8.6 0.12 
 
 
*Jones et al. (2009)  
** Jetz et al. (2004) 
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Table 5.2 Summary of model selection and parameter estimates (with standard errors in 
parentheses) for tigers and three principal prey species. Symbol ψ, is the probability that 
a cell is occupied by the species of interest and p is the probability of detecting the 
species in the jth survey where ψ(.)p(.) assumes that species presence and detection 
probability are constant across time and sampling cells,  ψ(km2 converted land) denotes 
the covariate representing the extent of each survey cell subject to severe landcover 
degradation, ψ(connectivity to forest >1km2) denotes the covariate for relative 
connectivity to undisturbed forest patches >1km2,  #Par. is number of parameters in the 
model, ∆AICc is the difference in AIC values (with the low-AIC value correction) between 
each model and the highest ranked model in the candidate set, wi is the AIC model 
weight. The most parsimonious models for each species are indicated in bold text. 
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Figure 5.1 Landsat ETM+ imagery mosaic (band TM5), south-central Sumatra. 
(a)Sumatran protected areas are indicated in black; they include IUCN categories Ia 
(Nature reserve), II (National Park), IV (Wildlife reserve) and VI (Protection forest); (data 
from the World Protected Area Database, available at www.unep-wcmc.org). Survey 
locations lay within the white polygon. (b) Individual management areas in detail, black 
points indicate survey cell centres (n = 131). Areas in dark grey indicate area of least 
disturbed forest of >1km2 that persist amidst the human-dominated matrix of degraded 
natural landcover and agri-industrial land uses (indicated in light grey). Bare soil and the 
most sparse vegetation are indicated in white. 
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Figure 5.2a Probabilities of species occurrence with respect to human land use intensity.   
The upper panel shows the probability of tiger occurrence with respect to the percentage 
of converted land (sparse vegetation) within sampling cells. The lower panel shows the 
probability of tapir occurrence with respect to relative connectivity to areas of least 
disturbed forest. These covariates were retained in the most parsimonious models of 
these species occurrence. Estimates are shown across a range of observed variation (5th 
to 95th percentiles) in each environmental covariate.
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Figure 5.2b Probabilities of species occurrence with respect to human land use intensity.   
The upper and lower panels show the probabilities of sambar and red muntjac 
occurrence respectively and each with respect to connectivity to areas of least disturbed 
forest. Estimates are shown across a range of observed variation (5th to 95th percentiles) 
in this environmental covariate.
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Plate 5.1 Soil roads are widespread throughout this landscape. The substrate is generally 
soft at the road edge and can hold the impressions of mammal footprints for ~10 days 
provided rain is infrequent or light.  
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6 General Discussion 
 
 
Habitat loss at the hands of human enterprise continues to drive the global decline in 
biodiversity. Throughout the tropics the extraction of forest commodities and the 
expansion of plantation agriculture are the principal drivers of this decline (Pimm & 
Raven, 2000; Geist & Lambin, 2002). This exploitation of tropical landscapes is set to 
continue, and in the wake of this prolific landscape change, human-altered landscapes 
now dominate. It is within these matrices of agriculture, industry and rural settlement that 
a growing proportion of tropical biodiversity must persist if it is to survive (Daily, 2001). 
Although protected areas (e.g. IUCN categories I-VI) can provide refuge for many 
species, these areas are not infallible and are increasingly undermined by the spread of 
human activities (e.g. Woodroffe & Ginsberg, 1998; Brooks et al., 2004; DeFries et al., 
2005). As such, the success of efforts to conserve tropical species will ultimately depend 
on our ability to reconcile the potential for conservation in degraded lands amidst growing 
pressure from burgeoning human populations. 
 
Comparisons of mammalian species richness between land management areas indicated 
that highest richness was associated with management areas dominated by degraded 
forests and that these areas supported the larger and most highly threatened members of 
the regional species pool. Similar differences between forest dominated and agricultural 
areas have also been reported from equivalent Neotropical landscapes (Daily et al., 
2003). In contrast the mammalian community associated with oil palm dominated areas 
was significantly impoverished compared to other management areas sampled and no 
longer supported highly threatened species. These results are in keeping with research 
on other taxa (Danielsen et al., 2008; Fitzherbert et al., 2008). 
 
In order to try to understand how these patterns of species persistence and local 
extinction had arisen, I tested a suite of ecological traits expected to influence species’ 
capacity to persist in the face of landscape change. Collectively these traits contribute to 
a species’ niche, which essentially defines the conditions under which a species exists 
and how it interacts with its environment (Grinnell, 1917; Hutchinson, 1957; Chase & 
Leibold, 2003). In a changing landscape, a broader niche would be expected to confer a 
greater advantage to species survival and this idea is supported in the literature where 
ecological specialisation has been found to increase extinction risk in both mammals 
(Haracourt et al., 2002; Boyles & Storm, 2007) and birds (Julliard et al., 2003; Shultz et 
al., 2005). Results from large-scale comparative analyses indicated that species 
extinction risk is ultimately driven by a combination of both intrinsic (species biology) and 
extrinsic (environmental) factors (Cardillo et al., 2005), but that overall, the main intrinsic 
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traits linked to extinction were body size, habitat and/or dietary specialisation (Owens & 
Bennett, 2000; Purvis et al., 2000b). 
 
I identified that a combination of body size, reproductive rate and dietary specialisation 
were best able to distinguish between species that persisted and those that did not. I 
found a pattern of species persistence that was indicative of the ideas embodied by the 
fast/slow life history strategies (sensu Stearns, 1983). Broadly speaking, in the initial 
stages of landscape alteration the larger bodied slow strategists, with associated low 
reproductive output, were predicted to persist. With more severe levels of landscape 
change, the balance of persistence shifted in favour of the fast strategists. In addition, I 
also found evidence of diet specialisation being an important factor; omnivores and 
species with broad diet breadth were more likely to persist. These analyses also indirectly 
measured habitat specialisation. The species that persist in the most altered landcover 
(oil palm) also occur in all other habitats and therefore represent habitat generalists. 
Collectively, the distribution of mammalian adversity in human altered landscapes 
suggests that there exists a small window of opportunity for the conservation of the 
larger, typically threatened species in these areas as further development favours only a 
handful of species equipped with fast life histories. 
 
Having identified the distribution of mammalian diversity and considered how this specific 
pattern may have arisen with respect to species’ relative resilience, I wanted to 
investigate the principle human activities that shape these landscapes. 
 
The negative impacts of oil palm production on mammalian richness and community 
composition are of grave concern because much of Indonesia’s agricultural expansion is 
directly attributable to this industry. Currently, Indonesia meets ±43%  (FAOSTAT 2007) 
of global demand for this, the worlds most traded oil seed crop (Carter et al., 2007). 
Results from this study indicate that the proliferation of oil palm will create increasingly 
large areas of land that are inhospitable to approximately 70% of the Sumatran forest-
mammal community described here. In addition, an increase in oil palm concessions is 
likely to confer an increase in the marginal, degraded lands that routinely follow industrial 
scale land clearance. These areas are highly dynamic, transitional landscapes dominated 
by rural people, rarely considered in the scientific literature. They are one example of the 
secondary consequences of agricultural expansion that broaden its implications. Many 
species were found to use these marginal habitats but the prevalence of people and 
destructive activities mean that these areas are often in a state of chronic deterioration. 
 
Realizing the potential to conserve wildlife in human altered landscapes requires that the 
resources on which species depend are available in the long-term and not subject to 
significant deterioration. However, given that human-dominated landscapes are generally 
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complex matrices of different land uses and subject to ongoing development this 
suggests that these areas are in fact highly susceptible to degradation by human 
activities (Daily, 2001). In addition, since the efficacy of protected areas is inexorably 
linked to the matrix in which they are embedded (Ranganathan et al., 2008; Wittemyer et 
al., 2008), degradation at park margins and human colonization of the interior could 
seriously undermine these areas. 
 
Although landcover degradation doesn’t always result in an outright loss of native 
vegetation (Phillips, 1997), in south-central Sumatra the trend is for pioneer activities in 
frontier areas to move progressively towards rural development. Specifically, individual 
huts built at the side of roads quickly coalesce into small communities with associated 
smallholder agriculture. This trend has arisen and persists because of weak land tenure 
laws (Sandker et al., 2007). This type of rural settlement is particularly common at the 
edges of commercial land uses e.g. industrial forestry and oil palm plantations (Maddox 
et al., 2007) and protected areas (Wittemyer et al., 2008). In this landscape the highest 
levels of land tenure and smallholder agriculture were recorded in the marginal scrub 
vegetation of the oil palm concession.  
 
Evidence of human activities was not restricted to the edges of land management areas, 
destructive activities such as illegal logging and land tenure were found in the interior of 
the commercial logging concession and the wildlife reserves. In addition, the high levels 
of human traffic recorded (people roaming on foot and travelling by motor vehicle) 
indicate the accessibility of these areas and the extent to which humans moved 
throughout the landscape. The prevalence of structures indicates that these sites are also 
subject to extensive and permanent colonisation.  
 
Although protected areas are an invaluable resource in our efforts to conserve tropical 
biodiversity, these areas are not the inviolate refugia that their name suggests (Liu et al., 
2001; Curran et al., 2004; Wittemyer et al., 2008). In fact, the pattern of human activities 
detected in the protected areas (IUCN category IV) was consistent with that of the wider 
landscape. These particular reserves support high mammalian richness and the largest, 
most threatened mammals in the regional species pool - Asian elephant and Sumatran 
tiger (see Chapter 2). However, more than 80% of these two sites were subject to active 
illegal logging and pioneer land settlement. These activities degrade habitats and expose 
wildlife to human development and persecution (Phillips, 1997). 
 
These analyses demonstrate that as oil palm production increases across Sumatra, so 
the habitats that support endangered species in human altered landscapes will diminish. 
Since the species of greatest concern to conservation are extirpated from oil palm 
dominated areas they will be confined to degraded forest habitats contained within 
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selective logging concessions and small wildlife reserves. However, these areas are 
subject to intensive human activity and as such are in state of decline. The relocation of 
rural communities may be an option with which to secure some protected areas (e.g. 
McLean & Straede, 2003) but this is irrelevant at larger scales and so alternative 
approaches are desperately required. 
 
It is important to note that the study design described here introduces pseudoreplication 
to the data because repeated samples were taken from groups of survey cells within 
individual land management areas. In light of this, care should be taken in considering the 
communities recorded in this work as representative of the communities in similar land 
uses in the wider landscape. However, the land uses sampled in this study represent a 
gradient of land use intensity similar to that found elsewhere in the region and so the data 
and analyses presented here should be interpreted with respect to this gradient. 
 
Having identified patterns of diversity I then focused on species-specific responses to the 
current landscape. I focused on a specific assemblage: Sumatran tigers (Panthera tigris 
sumatrae) and their principal ungulate prey species. Tigers represent one of the greatest 
challenges to conservation because of the space they require, their value as a saleable 
commodity and their tendency toward conflict with humans (Sunquist & Sunquist, 2002). 
Furthermore, as a forest adapted, wide-ranging species, tigers are particularly 
susceptible to the deleterious effects of habitat loss and fragmentation. Nonetheless, as 
arguably the ultimate flagship species, tigers are the subject of intensive conservation 
measures throughout their remaining range (Sanderson et al., 2006). 
 
In south-central Sumatra the trend is for early degradation (frontier areas) to shift towards 
development. Tests for species-specific responses indicate that the transition from 
frontier landscapes through to development change the capacity of the landscape to 
support different species. As lands become more developed, fewer opportunities exist for 
reclusive, forest-adapted species such as the tiger and tapir. Analyses conducted in 
Chapter 4 suggest species-specific occurrence probabilities lie along a gradient of 
relative human activity. The gradient from early frontier activities - in which tigers and 
tapir exist - progresses to one of land degradation driven by illegal logging and tenure in 
which sambar and muntjac persisted. Finally, the most developed landscapes dominated 
by people are used by wild boar – a notoriously resilient species (Francis, 2008). 
 
Conservation biologists often approach the conservation of large wide-ranging species 
from the perspective of metapopulation management (Linkie et al., 2006). The 
implementation of these approaches for tigers requires that we work extensively within 
the human-altered matrix. (Wikramanayake et al., 2004). A wider appreciation of the 
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ecological value of these altered landscapes is required if they are to contribute to larger 
scale conservation efforts. 
 
Chapter 5 considers the landscape traits that discriminate between the areas where 
tigers occur and where they do not. To better understand the distribution of tigers and 
their prey in this landscape I developed an a priori concept of how landscape traits might 
influence the distribution of these species in south-central Sumatra. Specifically, I tested 
whether an aversion to profound land cover change or connectivity to less disturbed 
forest best explained patterns of species occurrence. I found that connectivity to patches 
of undisturbed forest was significant for tapir and muntjac occurrence, but that tiger were 
negatively influenced by the level of sparse vegetation within sampling cells. Sambar 
were widespread and not significantly affected by connectivity or the degree of landcover. 
 
For certain species it has been suggested that patch quality may be a more important 
predictor of occupancy than connectivity (Fleishman et al., 2002). Results presented here 
suggest that within this matrix it is important to minimise the areas of sparse vegetation 
as these have been shown to negatively impact the probability of tiger occurrence. The 
covariates tested here essentially modelled two extremes in the landscape, but for a 
habitat generalist such as the tiger, the intervening matrix of heterogeneous vegetation 
may also be suitable habitat under many circumstances (Ricketts, 2001). As such human 
altered landscapes have the capacity to provide both refugia in their own right and a 
medium through which individuals can pass (Ranganathan et al., 2008). An 
understanding of patch quality is not limited to habitat type (Prugh et al., 2008) but 
incorporates the availability of other resources such as prey, and threats such as 
persecution by people or landscape development. As such the connectivity measures 
used here may underestimate the true area of suitable habitat patches available in the 
landscape. However, in this landscape the remnant forest and other areas of native 
vegetation are under considerable pressure from the rural population and are therefore 
likely to decline (see Chapter 4). This would undermine the potential of these areas to 
support both tigers and many other species. Since these areas are often a by-product of 
both industrial scale development and the activities of rural communities, it is difficult to 
foresee how this can be prevented. 
 
If a combination of the ground surveys and imagery analyses used here could be 
replicated on a larger scale, early intervention could prevent the progression of frontier 
landscapes into those of development. In addition, a key step to mitigate the impact of oil 
palm on reclusive and wide-ranging mammals is to test whether increased ground level 
cover in some areas of the crop could provide contiguous vegetative cover and therefore 
a degree of habitat connectivity for these mammals, particularly tigers and more forest 
dependent species such as the Malayan tapir and red muntjac (Maddox et al., 2007).  
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The effects of anthropogenic landscape change on the mammal communities considered 
in this study are indicative of trends observed in other regions. Recent broad-scale 
analyses across South East Asia, report that the effects of human disturbances on forest 
biotas have widespread impacts irrespective of taxonomic group, type of human activity 
or the measure of biodiversity considered (Sodhi et al., 2009). In light of forecasted 
agricultural and population expansion, the spread of the human altered landscapes 
described here are to a large extent inevitable (Daily, 2001; Morton et al., 2006). 
However, many species threatened by the loss of native habitats actually use human 
altered landscapes and could in principle therefore be conserved through appropriate 
management of these areas (McNeely & Scherr, 2002). Results from this study indicate 
that the conservation value of human altered landscapes lies principally in areas of 
degraded forest. However, the proliferation of the oil palm industry and continued 
degradation of native vegetation at the hands of rural populations threatens to undermine 
the conservation potential of these landscapes. 
 
This study has highlighted the pervasiveness of human activities across the landscape, 
the severity of ongoing habitat degradation in protected areas and the unmanaged nature 
of human development across the landscape as a whole. In light of the speed and 
magnitude with which anthropogenic landscape change is advancing, it is imperative that 
action is taken based on current knowledge. Government and stakeholder recognition of 
the conservation value of these areas will be key to securing their latent potential. The 
window of opportunity for conservation is closing in south-central Sumatra; attention must 
be focussed on the management of industrial expansion and rural populations if wildlife 
habitats are to remain. 
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7 Appendix  
 
7.1 An example of the human activity datasheets 
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7.2 An example of the detection/non-detection datasheets 
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7.3 An example of the sampling cell maps used by the field teams during 
active search periods 
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